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©  Digital  induction  logging  technique. 
  A  digital  induction  resistivity  logging  tool  is  disclosed  for 
digitally  measuring  both  the  in-phase  (R)  and  quadrature  (X) 
phase  components  in  a  receiver  signal  generated  in  re- 
sponse  to  transmitter  induced  currents  flowing  in  the  earth's 
subsurface  formations.  The  digital  induction  tool  includes  a 
digital  sinewave  generator  for  generating  a  highly  phase 
stable,  low  distortion  transmitter  signal,  the  frequency  of 
which  is  selectable  from  among  a  plurality  of  transmitter 
frequencies.  One  phase  sensitive  detector  is  used  alternately 
to  detect  both  the  R  and  the  X  phase  component  signals. 
Automatic  phase  compensation  is  included  to  periodically 
compensate  for  both  static  and  dynamic  temperature  depen- 
dent  phase  shift  errors  due  to  circuits  of  the  tool  involved  in 
the  component  measurements.  A  floating  point  analog-to- 
digital  converter  capable  of  handling  the  wide  dynamic 
range  in  the  detected  phase  component  signals  is  provided 
to  convert  the  phase  detector  output  into  digital  signals. 
Selection  of  the  transmitter  frequency  may  be  based  on 
optimizing  the  measurement  of  the  characteristic  of  the 
formations  being  encountered  by  the  tool.  A  linearization 

correction  function  is  obtained  periodically  for  the  tool 
transfer  function  as  the  tool  is  being  used  in  normal  logging 
operations.  The  function  is  then  applied  to  measurements 
taken  subsequently. 





BACKGROUND  OF  THE  INVENTION 

Th i s   i n v e n t i o n   r e l a t e s   to  e l e c t r i c a l   i n d u c t i o n   l o g g i n g  

s y s t e m s   for   d e t e r m i n i n g   t he   n a t u r e   and  c h a r a c t e r i s t i c s   of  t h e  

v a r i o u s   s u b s u r f a c e   f o r m a t i o n s   p e n e t r a t e d   by  a  b o r e h o l e   d r i l l e d  

i n t o   the   e a r t h .  

I t   is  i m p o r t a n t   to  the   o i l   and  gas  i n d u s t r y   to  know 

the   n a t u r e   and  c h a r a c t e r i s t i c s   of  the   v a r i o u s   s u b s u r f a c e  

f o r m a t i o n s   p e n e t r a t e d   by  a  b o r e h o l e   s i n c e   the   mere  d r i l l i n g   o f  

a  b o r e h o l e   u s u a l l y   d o e s   no t   p r o v i d e   s u f f i c i e n t   i n f o r m a t i o n  

c q n c e r n i n g   the  e x i s t e n c e ,   d e p t h   l o c a t i o n ,   q u a n t i t y ,   e t c . ,   o f  

o i l   and  gas  t r a p p e d   in  t he   f o r m a t i o n s .   V a r i o u s   e l e c t r i c a l  

t e c h n i q u e s   have  been  e m p l o y e d   in  the   p a s t   to  d e t e r m i n e   t h i s  

i n f o r m a t i o n   abou t   t he   f o r m a t i o n s .   One  such   t e c h n i q u e   c o m m o n l y  

u s e d   is  i n d u c t i o n   l o g g i n g .   I n d u c t i o n   l o g g i n g   m e a s u r e s   t h e  

r e s i s t i v i t y   (or  i t s   i n v e r s e ,   c o n d u c t i v i t y )   of  the   f o r m a t i o n   b y  

f i r s t   i n d u c i n g   eddy  c u r r e n t s   to  f low  in  the   f o r m a t i o n s   i n  

r e s p o n s e   to  an  AC  t r a n s m i t t e r   s i g n a l ,   and  t h e n   m e a s u r i n g   a 

p h a s e   c o m p o n e n t   s i g n a l   in  a  r e c e i v e r   s i g n a l   g e n e r a t e d   by  t h e  

p r e s e n c e   of  the  eddy  c u r r e n t s .   V a r i a t i o n s   in  the  m a g n i t u d e   o f  

the   eddy  c u r r e n t s   in  r e s p o n s e   to  v a r i a t i o n s   in  f o r m a t i o n  

c o n d u c t i v i t y   are  r e f l e c t e d   as  v a r i a t i o n s   in  the   r e c e i v e r  

s i g n a l .   Thus ,   in  g e n e r a l ,   t he   m a g n i t u d e   of  a  p h a s e   c o m p o n e n t  

of  the   r e c e i v e r   s i g n a l ,   t h a t   c o m p o n e n t   i n - p h a s e   w i t h   t h e  

t r a n s m i t t e r   s i g n a l ,   is   i n d i c a t i v e   of  the   c o n d u c t i v i t y   of  t h e  

f o r m a t i o n .  

In  t h e o r y ,   t he   e l e c t r i c a l   r e s i s t i v i t y   of  the  f o r m a t i o n  

s h o u l d   be  r e l a t i v e l y   h i g h   when  the   f o r m a t i o n   c o n t a i n s   a  h i g h  

p e r c e n t a g e   of  h y d r o c a r b o n s   b e c a u s e   h y d r o c a r b o n s   are   r e l a -  

t i v e l y   poor   c o n d u c t o r s   of  e l e c t r i c i t y .   Where  h y d r o c a r b o n s  

a r e   no t   p r e s e n t   in  t he   f o r m a t i o n s   and  the   f o r m a t i o n s   c o n t a i n  

s a l t   w a t e r ,   the  e l e c t r i c a l   r e s i s t i v i t y   of  the   f o r m a t i o n   s h o u l d  



be  r e l a t i v e l y   low.   F o r m a t i o n   w a t e r ,   w h i c h   t y p i c a l l y   i s   s a l t y ,  

is  a  r e l a t i v e l y   good  c o n d u c t o r  o f   e l e c t r i c i t y .   I n d u c t i o n  

r e s i s t i v i t y   l o g g i n g s   t o o l s   t h u s   o b t a i n   i n f o r m a t i o n   a b o u t   t h e  

f o r m a t i o n s   w h i c h   can  be  i n t e r p r e t e d   to  i n d i c a t e   the  p r e s e n c e  

or  a b s e n c e   of  t h e s e   h y d r o c a r b o n s .  

U.S.   P a t e n t   Nos.  3 , 3 4 0 , 4 6 4 ,   3 , 1 4 7 , 4 2 9 ,   3 , 1 7 9 , 8 7 9   a n d  

3 , 0 5 6 , 9 1 7   a re   i l l u s t r a t i v e   of  t y p i c a l   p r i o r - a r t   w e l l   l o g g i n g  

t o o l s   wh ich   u t i l i z e   t he   b a s i c   p r i n c i p l e s   of  i n d u c t i o n   l o g g i n g .  

In  each   of  t he   t o o l s   d i s c l o s e d   in  t h e s e   p a t e n t s ,   a  s i g n a l  

g e n e r a t o r   o p e r a t e s   to  p r o d u c e   an  AC  t r a n s m i t t e r   s i g n a l   w h i c h   i s  

a p p l i e d   to  a  t r a n s m i t t e r   c o i l .   The  c u r r e n t   in  the   t r a n s m i t t e r  

c o i l   i n d u c e s   a  m a g n e t i c   f i e l d   in  the   f o r m a t i o n s .   T h i s   m a g n e t i c  

f i e l d ,   in  t u r n ,   c a u s e s   eddy  c u r r e n t s   to  f low  in  the  f o r m a t i o n s .  

B e c a u s e   of  the   p r e s e n c e   of  t h e s e   f o r m a t i o n   c u r r e n t s ,   a  m a g n e t i c  

f i e l d   is  c o u p l e d   i n t o   a  r e c e i v e r   c o i l   R  t h e r e b y   g e n e r a t i n g   a  

r e c e i v e r   s i g n a l .   ( L o g g i n g   t o o l s   h a v i n g   "a  r e c e i v e r   c o i l "   and  a  

" t r a n s m i t t e r   c o i l "   e ach   c o m p r i s e d   of  s e v e r a l   c o i l s   a r r a n g e d   i n  

a  p r e d e t e r m i n e d   f a s h i o n   to  o b t a i n   a  d e s i r e d   r e s p o n s e   a r e   c o m -  

monly  u s e d . )   The  r e c e i v e r   s i g n a l   is  t h e n   a m p l i f i e d   and  a p p l i e d  

to  one  or  more  p h a s e   s e n s i t i v e   d e t e c t o r s   ( P S D s ) .   Each  PSD 

d e t e c t s   a  p h a s e   c o m p o n e n t   s i g n a l   h a v i n g   the   same  p h a s e   as  a 

p h a s e   r e f e r e n c e   s i g n a l   wh ich   is  a l s o   a p p l i e d   to  the  d e t e c t o r .  

The  p h a s e   r e f e r e n c e   s i g n a l   has  a  p r e d e t e r m i n e d   p h a s e   r e l a t i o n -  

. sh ip   to  the   c u r r e n t   in  t he   t r a n s m i t t e r   c o i l ( s ) .   The  o u t p u t   o f  

the  PSD(s)   may  be  f u r t h e r   p r o c e s s e d   d o w n h o l e ,   or  may  be  s e n t  

u p h o l e   to  s u r f a c e   e q u i p m e n t   fo r   p r o c e s s i n g   o r  d i s p l a y   to  a n  

o p e r a t i n g   e n g i n e e r .  

H e r e t o f o r e ,   p r i o r - a r t   i n d u c t i o n   r e s i s t i v i t y   l o g g i n g  

t o o l s   have  been   p r i m a r i l y   a n a l o g   in  d e s i g n ,   w i t h   some  

d i g i t a l   c i r c u i t s   used   to  p e r f o r m   some  f u n c t i o n s ,   e . g . ,  

see  the  d i g i t a l   f l i p - f l o p s   of  U.S.   P a t e n t   No.  3 , 3 4 0 , 4 6 4 .  

B e c a u s e   of  the   a n a l o g   n a t u r e   of  p r i o r - a r t   d e s i g n s   and  f o r  

o t h e r   r e a s o n s ,   t h e s e   p r i o r - a r t   t o o l s   have   l i m i t a t i o n s  



w h i c h   p r e v e n t   them  f rom  m e e t i n g   a  g r o w i n g   need  fo r   m o r e  
p r e c i s e ,   a c c u r a t e   and  e r r o r   f r e e   m e a s u r e m e n t s   of  p h a s e  

c o m p o n e n t   s i g n a l s   in  the   r e c e i v e r   s i g n a l .  

A  q u a n t i t a t i v e   d e t e r m i n a t i o n   of  the   c o n d u c t i v i t y  
of  t he   f o r m a t i o n s   is   ba sed   in  l a r g e   p a r t   on  the   v a l u e  

o b t a i n e d   f o r   the  p h a s e   c o m p o n e n t   s i g n a l   t h a t   is  i n -  

p h a s e   w i t h   the   t r a n s m i t t e r   c u r r e n t   in  the  t r a n s m i t t e r  

c o i l .   T h i s   c o m p o n e n t   s i g n a l   is  r e f e r r e d   to  as  the   r e a l  

or  "R"  p h a s e   c o m p o n e n t .   M e a s u r e m e n t   of  a  p h a s e   c o m p o n e n t  

s i g n a l   w h i c h   has  a  p h a s e   o r t h o g o n a l   to  (or   in  o t h e r   w o r d s ,  

in  q u a d r a t u r e   to)   t he   t r a n s m i t t e r   c u r r e n t   is  s o m e t i m e s  

o b t a i n e d .   T h i s   c o m p o n e n t   s i g n a l   is  r e f e r r e d   to  as  t h e  

"X"  p h a s e   c o m p o n e n t   s i g n a l .  

M e a s u r e m e n t   of  b o t h   the   R  and  X  p h a s e   c o m p o n e n t  

s i g n a l s   of  the   r e c e i v e r   s i g n a l   is  known.  U.S.   P a t e n t s  

3 , 1 4 7 , 4 2 9   and  3 , 1 7 9 , 8 7 9   bo th   d i s c l o s e   i n d u c t i o n   l o g g i n g  
t o o l s   which   d e t e c t   p h a s e   q u a d r a t u r e   c o m p o n e n t s   (Vr  a n d  
V x ' )   of  the   r e c e i v e r   s i g n a l   from  the   r e c e i v e r   c o i l .   T h e  
t o o l s   d i s c l o s e d   in  t h e s e   p a t e n t s   show  the   o u t p u t   from  a 
r e c e i v e r   a m p l i f i e r   b e i n g   a p p l i e d   to  i d e n t i c a l   PSD  c i r c u i t s ,  
one  f o r   d e t e c t i n g   t he   R  c o m p o n e n t   s i g n a l   and  the  o t h e r   f o r  

d e t e c t i n g   the   X  c o m p o n e n t   s i g n a l .   A p p r o p r i a t e   p h a s e   s h i f t -  

ing  c o m p o n e n t s   a r e   p r o v i d e d   f o r   g e n e r a t i n g   the   p h a s e   q u a d -  
r a t u r e   p h a s e   r e f e r e n c e   s i g n a l s   r e q u i r e d   by  the  PSDs  i n  

o r d e r   to  r e s o l v e   the   p h a s e   c o m p o n e n t   s i g n a l s .  

The  need  f o r   h i g h e r   p r e c i s i o n   and  a c c u r a c y   in  t h e  

r e s o l u t i o n   of  t h e s e   p h a s e   c o m p o n e n t   s i g n a l s   is  a  n a t u r a l  

c o n s e q u e n c e   of  t he   need   to  know  more  a b o u t   f o r m a t i o n  

c h a r a c t e r i s t i c s   t h a t   can  be  e x t r a c t e d   from  the  s i g n a l s  

r e p r e s e n t a t i v e   of  t h e s e   c h a r a c t e r i s t i c s .   But ,   to  o b t a i n  

a c c u r a t e   m e a s u r e m e n t s ,   the  i n a c c u r a c i e s   p r e s e n t   in  t h e  

m e a s u r e m e n t s   o b t a i n e d   by  the  p r i o r - a r t   t o o l s   must  b e  



e l i m i n a t e d .   A  p r i n c i p a l   s o u r c e   of  i n a c c u r a c i e s   in  t h e  

m e a s u r e m e n t   of  the   R  and  X  c o m p o n e n t   s i g n a l s   p r e s e n t   i n  

p r i o r - a r t   l o g g i n g   t o o l s   r e s u l t s   from  p h a s e   s h i f t s   in  t h e  

s i g n a l s   of  t he   t o o l .   T h e s e   p h a s e   s h i f t s   r e s u l t   in  a  

d e p a r t u r e   f rom  the   i n - p h a s e / q u a d r a t u r e   p h a s e   r e l a t i o n -  

s h i p   b e t w e e n   the  t r a n s m i t t e r   s i g n a l ,   t he   r e c e i v e r   s i g n a l  

and  t he   p h a s e   r e f e r e n c e   s i g n a l s ,   a l l   of  which   a re   u s e d  

in  r e s o l v i n g   the   r e c e i v e d   s i g n a l   i n t o   the   q u a d r a t u r e  

c o m p o n e n t   s i g n a l s   R  and   X. 

Two  p r i n c i p l e   s o u r c e s   of  p h a s e   s h i f t   e r r o r s   a r e  

p r e s e n t   in  i n d u c t i o n   l o g g i n g   t o o l s - - s t a t i c   p h a s e   s h i f t  

e r r o r s   and  d y n a m i c   ( t e m p e r a t u r e   d e p e n d e n t )   p h a s e   s h i f t  

e r r o r s .   S t a t i c   p h a s e   s h i f t   e r r o r s   a r e   t h o s e   p h a s e   s h i f t s  
wh ich   o c c u r   when  the   t o o l   is  o p e r a t i n g   at  a  s t e a d y   s t a t e  

t e m p e r a t u r e   c o n d i t i o n .   These   p h a s e   s h i f t   e r r o r s   a r e  
i n t r o d u c e d   i n t o   the  d e t e c t e d   p h a s e   c o m p o n e n t   s i g n a l   by 
c e r t a i n   e l e c t r i c a l   c i r c u i t s   in  the   t o o l ,   i . e . ,   the   t r a n s -  

m i t t e r   c o i l   s y s t e m ,   the  r e c e i v e r   c o i l   s y s t e m ,   the   a m p l i -  

f i e r   used  to  c o n d i t i o n   the  r e c e i v e r   s i g n a l   and  the   PSD 

i t s e l f .   The  d y n a m i c   p h a s e   s h i f t   e r r o r s   o c c u r   as  a  r e s u l t  

of  such   i n f l u e n c e s   as  t e m p e r a t u r e   d r i f t   in  t h e s e   s a m e  

c i r c u i t s ,   a l l   of  which   are   i n v o l v e d   in  the   g e n e r a t i o n   o f  

the   f o r m a t i o n   c u r r e n t s   and  in  t h e   d e t e c t i o n   of  the   p h a s e  

c o m p o n e n t s   in  the  r e c e i v e r   s i g n a l .   U n p r e d i c t a b l e   p h a s e  

s h i f t s   may  a l s o   be  i n t r o d u c e d   by  c o m p o n e n t   v a r i a t i o n s  

t h a t   are   an  u n a v o i d a b l e   c o n s e q u e n c e   of  the   m a n u f a c t u r i n g  

p r o c e s s .   High  p r e c i s i o n   r e s o l u t i o n   of  the   c o m p o n e n t  
s i g n a l s   r e q u i r e s   t h a t   t h e s e   p h a s e   s h i f t   e r r o r s   be  a u t o -  

m a t i c a l l y   and  p e r i o d i c a l l y   e l i m i n a t e d   from  the   m e a s u r e -  
m e n t s   d u r i n g   the   l o g g i n g   o p e r a t i o n .   T h i s   is  e s p e c i a l l y  

t r u e   s i n c e   the  t e m p e r a t u r e   e n v i r o n m e n t   in  w h i c h   t h e  
i n d u c t i o n   t o o l   is  o p e r a t e d   w i l l   v a r y   o v e r   a  wide   r a n g e  
w i t h   the  d e p t h   in  the  b o r e h o l e .  



The  d y n a m i c   c o m p e n s a t i o n   fo r   p h a s e   s h i f t   e r r o r s   d u e  

to  t e m p e r a t u r e   d r i f t   in  the  c i r c u i t s   of  an  i n d u c t i o n   l o g -  

g ing   t o o l   has   been  a t t e m p t e d   in  the  p r i o r   a r t .   U . S .  

P a t e n t   3 , 3 4 0 , 4 6 4   d i s c l o s e s   a  c i r c u i t   fo r   a u t o m a t i c a l l y  

a d j u s t i n g   f o r   v a r y i n g   p h a s e   s h i f t s   due  to  t e m p e r a t u r e  
d r i f t   in  the   t o o l ' s   c i r c u i t s   by  d e r i v i n g   a  t e s t   s i g n a l  
from  t h e   c u r r e n t   in  the  t r a n s m i t t e r   c o i l ;   s u b s t i t u t i n g  
t h i s   t e s t   s i g n a l   f o r   the   n o r m a l   r e c e i v e r   c o i l   o u t p u t  

s i g n a l ;   g e n e r a t i n g   a  q u a d r a t u r e   r e f e r e n c e   s i g n a l   to  t h e  
PSD  to  d e t e c t   a  p h a s e   c o m p o n e n t   (X)  in  t he   r e c e i v e r  

s i g n a l ;   and ,   p h a s e   s h i f t i n g   the  r e f e r e n c e   s i g n a l   as  a 
f u n c t i o n   of  the   m a g n i t u d e   of  the   d e t e c t e d   p h a s e   c o m p o n e n t  

s i g n a l   in  a  d i r e c t i o n   to  m i n i m i z e   t h a t   s i g n a l .   T h i s  

d i s c l o s e d   p h a s e   e r r o r   c o m p e n s a t i o n   c i r c u i t   and  method   d o e s  

not   a t t e m p t   to  s e g r e g a t e   the  r e l a t i v e l y   f i x e d   or  c o n s t a n t  

p h a s e   e r r o r s   of  the   t o o l   from  the   t e m p e r a t u r e   d e p e n d e n t  

p h a s e   e r r o r s   which   va ry   wi th   t ime  d u r i n g   l o g g i n g   a n d  

r e s u l t i n g   f rom  c o m p o n e n t   d r i f t   in  the   c i r c u i t s .   R a t h e r ,  

the  t o o l   of  P a r e n t   3 , 3 4 0 , 4 6 4   a t t e m p t s   to  c o m p e n s a t e   f o r  

any  and  a l l   p h a s e   s n i f t s   r e g a r d l e s s   of  t h e i r   s o u r c e   w h i c h  

have  o c c u r r e d   s i n c e   the  l a s t   p h a s e   c o m p e n s a t i o n .  

As  a  r e s u l t ,   the  p h a s e   c o m p e n s a t i o n   c i r c u i t   of  U . S .  

P a t e n t   3 , 3 4 0 , 4 6 4   must  c o m p e n s a t e   f o r   the   p h a s e   a n g l e   e r r o r  

o v e r   a  g r e a t e r   r a n g e   of  a n g l e s   than   would   be  r e q u i r e d   i f  

t he   s t a t i c   and  t e m p e r a t u r e   d e p e n d e n t   p h a s e   s h i f t   e r r o r s  

were   s e p a r a t e l y   c o m p e n s a t e d .   A  l a r g e   r a n g e   in  p h a s e   a n g l e  

c o m p e n s a t i o n   r e s u l t s   in  l e s s   s e n s i t i v i t y   to  s m a l l   p h a s e  

s h i f t   e r r o r s .   Th i s   l o s s   of  s e n s i t i v i t y   a l l o w s   u n c o m p e n -  
s a t e d   p h a s e   s h i f t   e r r o r s   to  a p p e a r   in  t he   d e t e c t e d   p n a s e  

c o m p o n e n t   s i g n a l .   T h e s e   e r r o r s   p r o h i b i t   t he   h igh   p r e c i -  

s i o n   and  a c c u r a c y   in  the   m e a s u r e m e n t s .  

T h o s e   p r i o r - a r t   t o o l s ,   such  as  t h o s e   d i s c l o s e d   i n  

U.S.   P a t e n t s   3 , 1 4 7 , 4 2 9   and  3 , 1 7 9 , 8 7 9 ,   w h i c h   m e a s u r e   b o t h  



R  and  X  r e q u i r e   two  PSDs,  one  f o r   m e a s u r i n g   R  and  one  f o r  

m e a s u r i n g   X.  T h i s   d u a l   a r r a n g e m e n t   of  d e t e c t i n g   c i r c u i t s  

in  an  i n d u c t i o n   t o o l   i m p l i e s   t h a t   the   s t a t i c   and  t e m p e r a -  
t u r e   d e p e n d e n t   p h a s e   s h i f t   e r r o r s   f o r   each   of  t he   t w o  

PSD's   w i l l   no t   be  the   same,   i . e . ,   t he   c i r c u i t s   w i l l   n o t  

r e s p o n d   i d e n t i c a l l y   to  a  g i v e n   t e m p e r a t u r e   c h a n g e   even  i f  

they   c o u l d   be  made  to  have  the   same  p h a s e   s h i f t   a t   a  g i v e n  

t e m p e r a t u r e .   B e c a u s e   of  t h i s   d i f f e r e n c e ,   d i f f e r e n t   p h a s e  

s h i f t   e r r o r s   w i l l   be  p r e s e n t   in  the   R  and  X  m e a s u r e m e n t s .  

Even  w i t h   p h a s e   s h i f t   c o m p e n s a t i o n   t e c h n i q u e s ,   such  a s  

t h a t   d i s c l o s e d   in  U.S.   P a t e n t   3 , 3 4 0 , 4 6 4 ,   a p p l i e d   to  t h e  

PSD  c i r c u i t s ,   one  c o m p e n s a t i o n   c i r c u i t   c o u l d   no t   c o m p e n -  

s a t e   f o r   b o t h   d e t e c t o r s .   Two  c o m p e n s a t i o n   c i r c u i t s   w o u l d  

be  r e q u i r e d ,   one  f o r   each   PSD.  T h i s ,   of  c o u r s e ,   w o u l d  

i n c r e a s e   s i g n i f i c a n t l y   t he   c i r c u i t   c o m p l e x i t y   of  t h e  

i n d u c t i o n   t o o l   and  a  r e d u c t i o n   in  i t s   o v e r a l l   r e l i a b i l i t y .  

I t   is  a  c h a r a c t e r i s t i c   of  i n d u c t i o n   t o o l s   t h a t   at  l o w  

c o n d u c t i v i t i e s ,   the   amount   of  d i r e c t   m u t u a l   c o u p l i n g   ( " X "  
sonde   e r r o r )   D e t w e e n   the  t r a n s m i t t e r   c o i l   and  the  r e c e i v e r  

c o i l ,   even  in  a  t o o l   wh ich   e m p l o y s   a  s y s t e m   of  r e c e i v e r  

c o i l s   which   m i n i m i z e   t h i s   m u t u a l   c o u p l i n g ,   i s   not   z e r o .  

In  f a c t ,   a  r a t i o   of  10:1  of  the  s i g n a l   r e s p o n s e   due  t o  

d i r e c t   m u t u a l   c o u p l i n g   to  the   R  c o m p o n e n t   in  the   r e c e i v e r  

s i g n a l   is  not   uncommon.   When  e n c o u n t e r i n g   low  c o n d u c t i v i -  

t i e s ,   in  o r d e r   to  r e s o l v e   the   R  c o m p o n e n t   to  +1%  a c c u r a c y ,  

a  p h a s e   a c c u r a c y   of  1  m i l l i r a d i a n   is  r e q u i r e d .   For  t h e  

case   of  h i g h   c o n d u c t i v i t i e s ,   the   R  c o m p o n e n t   w i l l   exceed   X 

by  a  f a c t o r   w h i c h   can  be  s u b s t a n t i a l ,   i . e . ,   "R"  =  1 0 x " X " .  

For  t h i s   c a s e ,   to   r e s o l v e   X  to  +1%  would   l i k e w i s e   r e q u i r e  

a  h igh   d e g r e e   of  p h a s e   a c c u r a c y .  

To  o b t a i n   a c c u r a t e   p h a s e   c o m p o n e n t   s i g n a l   m e a s u r e -  

ments   t h a t   a re   e s s e n t i a l l y   f r e e   of  the   s t a t i c   and  t e m p e r a -  

t u r e   d e p e n d e n t   p h a s e   s h i f t   e r r o r s ,   a  h i g h l y   p h a s e   s t a b l e ,  



low  d i s t o r t i o n   t r a n s m i t t e r   s i g n a l   mus t   be  g e n e r a t e d .   A 

h i g h l y   p h a s e   s t a b l e   t r a n s m i t t e r   s i g n a l   is  r e q u i r e d   t o  

i n s u r e   p h a s e   a c c u r a c y   b e t w e e n   the   s i g n a l s   of  the   t o o l   i n  

the   g e n e r a t i o n   of  the   t r a n s m i t t e r   s i g n a l   and  in  t h e  

d e t e c t i o n   of  t he   p h a s e   c o m p o n e n t   s i g n a l s   in  the  r e c e i v e r  

s i g n a l .   The  r e q u i r e m e n t   fo r   low  d i s t o r t i o n   in  the  t r a n s -  

m i t t e r   s i g n a l   r e s u l t s   from  the   f r e q u e n c y   r e s p o n s e   of  t h e  

e a r t h ' s   f o r m a t i o n s .  

A  known  p h e n o m e n o n   in  i n d u c t i o n   l o g g i n g   is  t h e  

d i f f e r e n c e   in  the   f o r m a t i o n   r e s p o n s e   as  a  f u n c t i o n   o f  

f r e q u e n c y   and  f o r m a t i o n   c o n d u c t i v i t y .   In  g e n e r a l ,   t h e  

r e s p o n s e   s i g n a l   r e c e i v e d   by  an  i n d u c t i o n   t o o l   at  l ow 
c o n d u c t i v i t i e s   i n c r e a s e s   as  the  s q u a r e   of  the   f r e q u e n c y  
f o r   a  c o n s t a n t   t r a n s m i t t e r   c u r r e n t .   B e c a u s e   of  t h e  

g r e a t e r   f o r m a t i o n   r e s p o n s e   at  h i g h e r   f r e q u e n c i e s   t h a n  

at  l o w e r   f r e q u e n c i e s   ove r   most  of  t he   c o n d u c t i v i t i e s  

e n c o u n t e r e d ,   i t   becomes   a p p a r e n t   t h a t   a  low  d i s t o r t i o n  

t r a n s m i t t e r   s i g n a l   is  r e q u i r e d .   The  more  d i s t o r t e d   t h e  

t r a n s m i t t e r   s i g n a l   i s ,   the   l a r g e r   in  a m p l i t u d e s   are  t h e  

h a r m o n i c s   of  the   f u n d a m e n t a l   f r e q u e n c y .   Such  h a r m o n i c s  

p r o p o g a t e   t h r o u g h   the  f o r m a t i o n   from  t r a n s m i t t e r   t o  

r e c e i v e r   w i t h   an  a t t e n u a t i o n   and  p h a s e   s h i f t   not  r e l a t e d  

to  t h o s e   of  the   f u n d a m e n t a l   f r e q u e n c y .   They  can  t h u s  

i n t r o d u c e   f a l s e   s i g n a l s   i n t o   the   r e c e i v e r   t h a t   may  c a u s e  

a  m i s l e a d i n g   r e s u l t   to  be  o b t a i n e d   from  the   i n d u c t i o n  

t o o l   m e a s u r e m e n t .   Thus ,   more  n o i s e   w i l l   be  p r e s e n t   i n  

the  r e s u l t i n g   r e c e i v e r   s i g n a l   from  t h e s e   h i g h e r   f r e q u e n c y  

h a r m o n i c s .  

T h i s   v a r i a t i o n   in  f o r m a t i o n   r e s p o n s e   w i th   f r e q u e n c y  

can  be  put   to  good  use  to  e x t e n d   the   r a n g e   of  f o r m a t i o n  

r e s i s t i v i t y   t h a t   may  be  a c c u r a t e l y   m e a s u r e d   by  an  i n d u c t i o n  

l o g g i n g   t o o l .   At  h igh   f o r m a t i o n   c o n d u c t i v i t i e s   and  h i g h e r  

f r e q u e n c i e s ,   a  p h e n o m e n o n   known  as  " s k i n - e f f e c t "   c a u s e s   a 



l o s s   of  p r o p o r t i o n a l i t y   b e t w e e n   the   r e c e i v e d   s i g n a l   a n d  

f o r m a t i o n   c o n d u c t i v i t y ,   i n t r o d u c i n g   a d d i t i o n a l   c o m p l e x i t y  
in  the   i n t e r p r e t a t i o n   of  the   s i g n a l s .  

A d d i t i o n a l l y ,   a t   the   l o w e r   t r a n s m i t t e r   f r e q u e n c i e s  
and  a t   low  c o n d u c t i v i t i e s ,   t he   r e s p o n s e   from  the   f o r m a t i o n  

f a l l s   be low  the   n o i s e   l e v e l   of  t h e   i n d u c t i o n   l o g g i n g  

s y s t e m .   In  t h i s   c a s e ,   m e a n i n g f u l   m e a s u r e m e n t s   are  i m p o s -  

s i b l e .   Thus ,   when  e n c o u n t e r i n g   low  c o n d u c t i v i t i e s ,   a  h i g h  

f r e q u e n c y   f o r   the  t r a n s m i t t e r   s i g n a l   wou ld   p r o v i d e   t h e  

more  a c c u r a t e   r e a d i n g   of  the   f o r m a t i o n   c o n d u c t i v i t y .   B u t ,  

b e c a u s e   of  the   s l o p i n g   away  of  t h e   r e s p o n s e   c u r v e s   for   t n e  

h i g h e r   f r e q u e n c i e s   at  h i g h e r   c o n d u c t i v i t i e s ,   i t   would  b e  

d e s i r a b l e   to  have  a  l o w e r   t r a n s m i t t e r   f r e q u e n c y   at  h i g h  

c o n d u c t i v i t i e s   to  a v o i d   a m b i g u i t y   in  the   c o n d u c t i v i t y  

d e r i v e d   from  t h o s e   m e a s u r e m e n t s .   T h i s   may  be  a c h i e v e d   by 

s e l e c t i o n   of  a  s i n g l e   f r e q u e n c y   a p p r o p r i a t e   fo r   the  c o n -  

d u c t i v i t y   r a n g e   e x p e c t e d   p r i o r   to  l o g g i n g ,   or  by  t h e  

g e n e r a t i o n   of  two  or  more  f r e q u e n c i e s   s i m u l t a n e o u s l y   i n  

the  t r a n s m i t t e r ,   w i t h   s u b s e q u e n t   f r e q u e n c y   s e p a r a t i o n   i n  

each  r e c e i v e r   c i r c u i t   and  in  each  p h a s e   s e l e c t i v e   d e t e c -  

t i o n   c i r c u i t ,   or  by  s e q u e n t i a l l y   s w i t c h i n g   to  d i f f e r e n t  

f r e q u e n c i e s   w h i l e   l o g g i n g .  

Yet  a n o t h e r   p r o b l e m   p r e s e n t   in  p r i o r - a r t   l o g g i n g  

t o o l s   has  been  the  p r o b l e m   of  d e t e r m i n i n g   from  the  m e a -  

s u r e d   t o o l   o u t p u t   r e s p o n s e s   the  t r u e   and  c o r r e c t   c h a r a c -  

t e r i s t i c   of  the   f o r m a t i o n .   Tha t   i s ,   d e t e r m i n i n g   t h e  

t r a n s f e r   f u n c t i o n   of  the   t o o l   r e l a t i n g   the  t o o l   i n p u t  

s i g n a l ,   r e p r e s e n t a t i v e   of  the   f o r m a t i o n   c h a r a c t e r i s t i c ,  

to  the   m e a s u r e d   t o o l   o u t p u t   r e s p o n s e .   I t   is  from  t h i s  

t r a n s f e r   f u n c t i o n   t h a t   the   t r u e   v a l u e   of  t he   f o r m a t i o n  

c h a r a c t e r i s t i c   is  i n f e r r e d   b a s e d   on  the   m e a s u r e d   o u t p u t  

r e s p o n s e s .  



B e c a u s e   of  v a r i a t i o n s   in  c i r c u i t   p a r a m e t e r s   as  a 

r e s u l t   of  t e m p e r a t u r e   c h a n g e s ,   ( e . g . ,   c h a n g e s   in  t h e  

a m p l i f i e r   g a i n s )   t he   c a l i b r a t e d   t r a n s f e r   f u n c t i o n   of  t h e  

t o o l   at  one  o p e r a t i n g   p o s i t i o n   may  not   be  the   same  as  a t  

a n o t h e r .   A  d e t e r m i n a t i o n   of  t he   t r a n s f e r   f u n c t i o n   i s  

n o r m a l l y   e f f e c t e d   u p h o l e   by  p l a c i n g   one  or  more  s i g n a l  

s o u r c e s   n e a r   the  r e c e i v e r   c o i l   to  s i m u l a t e   v a r i o u s   f o r m a -  

t i o n   c o n d u c t i v i t i e s .   The  r e s p o n s e s   to  t h e s e   t e s t   s i g n a l s  

a re   r e c o r d e d   and  used  to  d e r i v e   a  c a l i b r a t i o n   t r a n s f e r  

f u n c t i o n   f o r   the  t o o l .   T h i s   f u n c t i o n   is  t h e r e a f t e r   u s e d  

as  the   f u n c t i o n   r e l a t i n g   i n p u t   to  o u t p u t   of   the   l o g g i n g  

t o o l .   Ye t ,   f o r   p r i o r - a r t   t o o l s ,   t he   d a t a   o b t a i n e d   d u r i n g  

a  l o g g i n g   run  is  no t   c o r r e c t e d   f o r   t he   e f f e c t s . o f   t e m p e r a -  

t u r e   c h a n g e s ,   d u r i n g   l o g g i n g ,   to   t he   t r a n s f e r   f u n c t i o n .  

A  f u r t h e r   c h a r a c t e r i s t i c   of  a l l   i n d u c t i o n   l o g g i n g  

t o o l s   is  the   v e r y   wide  d y n a m i c   r a n g e   p r e s e n t   in  t h e  

d e t e c t e d   p n a s e   c o m p o n e n t   s i g n a l s   o v e r   which   u s e f u l   i n f o r -  

m a t i o n   is  c o n t a i n e d .   A  d y n a m i c   r a n g e   of  1 0 , 0 0 0 : 1   ( ?  8 0   d b )  
is  not  uncommon.   S u p e r i m p o s e d   on  the   u s e f u l   i n f o r m a t i o n  

in  a  d e t e c t e d   c o m p o n e n t   s i g n a l   is  a  c e r t a i n   amount   o f  

random  n o i s e   wh ich   d e g r a d e s   the   q u a l i t y   of  any  m e a s u r e -  

ments   made.   In  a n a l o g   p r i o r - a r t   i n d u c t i o n   l o g g i n g   t o o l s  

(as  d i s t i n g u i s h e d   from  a  d i g i t a l   l o g g i n g   t o o l ) ,   t h i s   n o i s e  

i n c l u d e s   n o i s e   g e n e r a t e d   d u r i n g   the   t r a n s m i s s i o n   of  t h e  

d e t e c t e d   a n a l o g   p h a s e   c o m p o n e n t   s i g n a l s   to  the   s u r f a c e  

t h r o u g h   a  w i r e l i n e   l o g g i n g   c a b l e .   Ana log   t r a n s m i s s i o n   o f  

the   p h a s e   c o m p o n e n t   s i g n a l s   u p h o l e   is  s u b j e c t e d   to  t h e  

p r o b l e m   of  s i g n a l   d e g r a d a t i o n   by  the   i n t r o d u c t i o n   of  e r r o r  

p o t e n t i a l s   and  n o i s e   or  c r o s s   t a l k   in  the   e l e c t r i c a l   l e a d s  

of  the   l o g g i n g   c a b l e .  

P r i o r - a r t   l o g g i n g   t o o l s   have  a t t e m p t e d   to  h a n d l e   t h e  

l a r g e   d y n a m i c   r a n g e   in  the  d e t e c t e d   c o m p o n e n t   s i g n a l s   i n  

d i f f e r e n t   ways.   U.S.   P a t e n t   No.  3 , 0 5 6 , 9 1 7   d i s c l o s e s   o n e  



such   t e c h n i q u e   in  which   the   d y n a m i c   r a n g e   is   d i v i d e d   i n t o  

two  p a r t s - - a   f i r s t   r a n g e   in  which   the   t r a n s m i t t e r   c u r r e n t  

is  a d j u s t e d   to  o b t a i n   a  c o n s t a n t   r e c e i v e r   s i g n a l   v o l t a g e  

and  a  s e c o n d   r a n g e   in  wh ich   the   t r a n s m i t t e r   c u r r e n t   i s  

h e l d   c o n s t a n t .   A  s i g n a l   is   t h e n   r e c o r d e d   w h i c h   is  r e p r e -  
s e n t a t i v e   of  the   t r a n s m i t t e r   c u r r e n t   when  t he   r e c e i v e r  

s i g n a l   is  c o n s t a n t ,   and  w h i c h   is  r e p r e s e n t a t i v e   of  t h e  

r e c e i v e r   s i g n a l   when  the   t r a n s m i t t e r   c u r r e n t   is  h e l d  

s t a n t .   The  r e s u l t i n g   r e c o r d e d   s i g n a l   r e p r e s e n t s   the  co .  

d u c t i v i t y   of  the   f o r m a t i o n   in  the   f i r s t   r a n g e   and  t h e  

r e s i s t i v i t y   of  the   f o r m a t i o n   in  the  s e c o n d .   Yet  o t h e r  

p r i o r - a r t   t e c h n i q u e s   f o r   h a n d l i n g   t h i s   l a r g e   d y n a m i c   r a n g e  
in  the   d e t e c t e d   p h a s e   c o m p o n e n t   s i g n a l s   a re   a l s o   d i s c u s s e d  

in  3 , 0 5 6 , 9 1 7 .  

Most  p r i o r - a r t   t o o l s   have   used  s t a n d a r d   t e c h n i q u e s   t o  

t r y   to  e l i m i n a t e   or  m i n i m i z e   the  amount   of  n o i s e   i n t r o d u c e d  

i n t o   the   a n a l o g   s i g n a l s   t r a n s m i t t e d   o v e r   t he   l o g g i n g   c a b l e .  

The  use  of  t w i s t e d   w i r e   p a i r s ,   s h i e l d e d   l e a d s ,   low  n o i s e  

s l i p   r i n g s ,   e t c .   a r e   but   a  few.  Where  an  i n d u c t i o n   t o o l  

r e q u i r e s   p r e c i s e ,   a c c u r a t e   m e a s u r e m e n t s   of  t h e   d e t e c t e d  

s i g n a l s ,   r e g a r d l e s s   of  t h e i r   m a g n i t u d e s ,   t h e s e   p r i o r - a r t  

t e c h n i q u e s   a re   no  l o n g e r   a d e q u a t e .  

B e c a u s e   of  the   l i m i t a t i o n s   p r e s e n t   in  t he   p r i o r - a r t  

l o g g i n g   t o o l s   and  the  need  f o r   more  p r e c i s e   and  a c c u r a t e  

m e a s u r e m e n t s   of  the   p h a s e   q u a d r a t u r e   c o m p o n e n t s   of  t h e  

r e c e i v e r   s i g n a l ,   i t   would   be  a d v a n t a g e o u s   to   p r o v i d e   an  
i n d u c t i o n   l o g g i n g   t o o l   to  m e a s u r e   and  c o n v e r t   to  d i g i t a l  
form  d o w n h o l e   the  wide  d y n a m i c   r ange   in  t he   d e t e c t e d   p h a s e  

c o m p o n e n t   s i g n a l s ,   and  to  m e a s u r e   them  w i t h   the   same  r e s o -  

l u t i o n   and  a c c u r a c y   at   a l l   l e v e l s   of  s i g n a l s .   These   d i g i -  
t a l   s i g n a l s   a r e   s u b s e q u e n t l y   t r a n s m i t t e d   to  the   s u r f a c e  

s u b s t a n t i a l l y   u n c o r r u p t e d   by  n o i s e   as  p r e v i o u s l y   d i s c u s s e d .  

I t   would   a l s o   be  a d v a n t a g e o u s   to  d y n a m i c a l l y   c o m p e n s a t e   f o r  



b o t h   the   s t a t i c   and  t e m p e r a t u r e   d e p e n d e n t   p h a s e   s h i f t  

e r r o r s   in  the   c i r c u i t s   of  t he   t o o l   i n v o l v e d   in  t h e  

g e n e r a t i o n   of  t he   f o r m a t i o n   c u r r e n t s   and  in  the  d e t e c -  

t i o n   of  the   p h a s e   c o m p o n e n t s   of  t he   r e c e i v e r   s i g n a l .  

I t   would   a l s o   be  a d v a n t a g e o u s   to  p r o v i d e   an  i n d u c -  

t i o n   t o o l   w h i c h   d i g i t a l l y   g e n e r a t e s   d o w n h o l e   bo th   a  h i g h l y  

p h a s e   s t a b l e ,   low  d i s t o r t i o n   t r a n s m i t t e r   s i g n a l   and  a 

h i g h l y   s t a b l e   p h a s e   r e f e r e n c e   s i g n a l   in  o r d e r   t h a t   a 

s i n g l e   p h a s e   s e n s i t i v e   d e t e c t o r   may  s e q u e n t i a l l y   d e t e c t  

b o t h   the  R  and  the   X  p h a s e   q u a d r a t u r e   c o m p o n e n t   s i g n a l s  

w h i l e   c o m p e n s a t i n g   f o r   the  p h a s e   s h i f t   e r r o r s .   I t   w o u l d  

a l s o   be  a d v a n t a g e o u s   to  p r o v i d e   a  d i g i t a l   i n d u c t i o n  

l o g g i n g   t o o l   in  which   the   f r e q u e n c y   of  t he   d i g i t a l l y  

g e n e r a t e d   t r a n s m i t t e r   s i g n a l   is  s e l e c t a b l e   from  among  a 

p l u r a l i t y   of  t r a n s m i t t e r   f r e q u e n c i e s .   I t   would  a l s o   b e  

a d v a n t a g e o u s   to  p r o v i d e   an  i n d u c t i o n   t o o l   which   a u t o -  

m a t i c a l l y   s e l e c t s ,   d u r i n g   a  l o g g i n g   run ,   the   t r a n s m i t t e r  

f r e q u e n c y   or  f r e q u e n c i e s   t h a t   w i l l   p r o d u c e   the  o p t i m u m  

f o r m a t i o n   r e s p o n s e   s i g n a l s   f o r   the   c o n d u c t i v i t i e s   a c t u a l l y  

e n c o u n t e r e d   by  the   t o o l .   I t   would   a l s o   be  a d v a n t a g e o u s   t o  

p r o v i d e   an  i n d u c t i o n   l o g g i n g   s y s t e m   wh ich   a u t o m a t i c a l l y  

p r o d u c e s ,   d u r i n g   a  l o g g i n g   r un ,   t e s t   c a l i b r a t i o n   m e a s u r e -  

men t s   which   a re   used  to  d e r i v e   a  l i n e a r i z a t i o n   c o r r e c t i o n  

f u n c t i o n   to  c o r r e c t   f o r   t e m p e r a t u r e   d e p e n d e n t   v a r i a t i o n s  

in  the  t r a n s f e r   f u n c t i o n   of  t he   t o o l   at  any  t ime  d u r i n g  
the   l o g g i n g   r u n .  



SUMMARY  OF  THE  INVENTION 

In  a c c o r d a n c e   w i t h   the   p r e s e n t   i n v e n t i o n ,   a  d i g i t a l  
i n d u c t i o n   l o g g i n g   t o o l   is  p r o v i d e d   f o r   m e a s u r i n g   a 

c h a r a c t e r i s t i c   of  the   e a r t h ' s   s u b - s u r f a c e   f o r m a t i o n s   by  

c a u s i n g   f o r m a t i o n   c u r r e n t s   to  f low  in  r e s p o n s e   to  a  
t r a n s m i t t e r   s i g n a l   of  a  p r e d e t e r m i n e d   f r e q u e n c y   and  by  

m e a s u r i n g   a  r e c e i v e r   s i g n a l   g e n e r a t e d   in  r e s p o n s e   to  t h e s e  

f o r m a t i o n   c u r r e n t s .   The  d i g i t a l   i n d u c t i o n   t o o l   o b t a i n s  

d i g i t a l   f l o a t i n g - p o i n t   s a m p l e s   of  p h a s e   q u a d r a t u r e   c o m p o -  

n e n t s   of  the   r e c e i v e r   s i g n a l   at   v a r i o u s   d e p t h   p o i n t s   a l o n g  

the   b o r e h o l e .   These   s a m p l e s   a r e   o b t a i n e d   by  s u c c e s s i v e l y  

m e a s u r i n g   in  a  s i n g l e   p h a s e   s e n s i t i v e   d e t e c t o r   c i r c u i t   t h e  

c o m p o n e n t   s i g n a l   i n - p h a s e   w i t h   the   t r a n s m i t t e r   s i g n a l  a n d  

the   c o m p o n e n t   s i g n a l   in  q u a d r a t u r e   t h e r e t o .   Means  a r e  

i n c l u d e d   in  t he   t o o l   f o r   a u t o m a t i c a l l y   c o m p e n s a t i n g   f o r  

the  p h a s e   s h i f t   e r r o r s   in  the  p h a s e   q u a d r a t u r e   c o m p o n e n t  

m e a s u r e m e n t s   i n t r o d u c e d   by  c i r c u i t s   of  t h e   t o o l .  

A  s u r f a c e   l o c a t e d   c e n t r a l   p r o c e s s i n g   u n i t   (CPU)  i s  

p r o g r a m m e d   to  p r o d u c e   c h a r a c t e r i s t i c   d a t a   of  the   e a r t h ' s  

s u b - s u r f a c e   f o r m a t i o n s   from  the   f l o a t i n g   p o i n t   d i g i t a l  

s a m p l e s   o b t a i n e d   by  the   d i g i t a l   i n d u c t i o n   t o o l .   The  CPU 

. t r a n s m i t s   command  and  d a t a   i n f o r m a t i o n   to  t he   d i g i t a l  
i n d u c t i o n   l o g g i n g   t o o l   d o w n h o l e   to  s p e c i f y   the   o p e r a t i n a  

modes  and  p a r a m e t e r s   fo r   o b t a i n i n g   the   f l o a t i n g   p o i n t  

d i g i t a l   s a m p l e s .   A  d i g i t a l   t e l e m e t r y   means   is  used  t o  

t r a n s m i t   the   d i g i t a l   i n f o r m a t i o n   b e t w e e n   t he   i n d u c t i o n  

l o g g i n g   t o o l   and  the  CPU  ove r   a  w i r e l i n e   c a b l e   s u s p e n d i n g  

the   i n d u c t i o n   t o o l   in  the  w e l l   b o r e h o l e .  

The  d i g i t a l   i n d u c t i o n   l o g g i n g   t o o l   i n c l u d e s   a  t r a n s -  

m i t t e r   c o i l   t h a t   r e s p o n d s   to  a  low  d i s t o r t i o n ,   p h a s e   s t a -  

b l e   s i n u s o i d a l   t r a n s m i t t e r   s i g n a l   to  i n d u c e   a  m a g n e t i c  

f i e l d   i n t o   the   e a r t h ' s   s u b - s u r f a c e   f o r m a t i o n s .   T h i s  



m a g n e t i c   f i e l d   c a u s e s   eddy  c u r r e n t s   to  f low  in  the  f o r m a -  

t i o n s .   These   eddy  c u r r e n t s   t h e m s e l v e s   p r o d u c e   m a g n e t i c  

f i e l d s .   A  r e c e i v e r   c o i l   r e s p o n d s   to  the  m a g n e t i c   f i e l d s  

g e n e r a t e d   by  the   f o r m a t i o n   c u r r e n t s   to  g e n e r a t e   a  r e c e i v e r  

s i g n a l   i n d i c a t i v e   of  a  c h a r a c t e r i s t i c   of  the   f o r m a t i o n s ,  

i . e . ,   the   f o r m a t i o n   c o n d u c t i v i t y .   A  c o n t r o l l e r   is  i n c l u d e d  

f o r   c o n t r o l l i n g   the   i n t e r n a l   t i m i n g   and  f u n c t i o n a l   o p e r a -  
t i o n s   of  the   t o o l ' s   c i r c u i t r y .   The  c o n t r o l l e r   r e s p o n d s   t o  

the   d i g i t a l   command  and  c o n t r o l   s i g n a l s   t r a n s m i t t e d   f r o m  
the  CPU  l o c a t e d   at   the   s u r f a c e .   The  c o n t r o l l e r   is  a 
f i r m w a r e   p r o g r a m m e d   p r o c e s s o r   t h a t   i n c l u d e s   a  r e a d - o n l y -  

memory  c o n t a i n i n g   f i r m w a r e   r o u t i n e s   to  c o n t r o l   the  v a r i o u s  

f u n c t i o n s   of  the   t o o l ,   and  a  s y s t e m   c l o c k   g e n e r a t o r   f o r  

g e n e r a t i n g   a  m a s t e r   d i g i t a l   t i m i n g   s i g n a l .  

Also   i n c l u d e d   in  the   d i g i t a l   i n d u c t i o n   l o g g i n g   t o o l  

is  a  w a v e f o r m   g e n e r a t o r   f o r   d i g i t a l l y   g e n e r a t i n g   a  l o w  

d i s t o r t i o n ,   p h a s e   s t a b l e   s i n u s o i d a l   t r a n s m i t t e r   s i g n a l  

to  the  t r a n s m i t t e r   c o i l .   T h i s   w a v e f o r m   g e n e r a t o r   i n c l u d e s  

a  r e a d - o n l y - m e m o r y   wh ich   c o n t a i n s   d i g i t a l   i n f o r m a t i o n  

r e p r e s e n t a t i v e   of  m a g n i t u d e   v a l u e s   of  the  t r a n s m i t t e r  

s i g n a l   to  be  g e n e r a t e d .   T h i s   r e a d - o n l y - m e m o r y   r e s p o n d s  

to  an  a d d r e s s   c o u n t e r   to  o u t p u t   d i g i t a l   code  words  to  a 

d i g i t a l - t o - a n a l o g   c o n v e r t e r   to  g e n e r a t e   a  s t a i r - s t e p  

a p p r o x i m a t i o n   to  the   d e s i r e d   s i n u s o i d a l   t r a n s m i t t e r  

w a v e f o r m .   The  w a v e f o r m   g e n e r a t o r   a l s o   i n c l u d e s   a  f i l t e r  

c o n n e c t e d   to  the  o u t p u t   of  the   d i g i t a l - t o - a n a l o g   c o n v e r t o r  

f o r   s m o o t h i n g   the  s t a i r - s t e p   s i n u s o i d a l   w a v e f o r m   by  f i l -  

t e r i n g   the  h a r m o n i c s   t h e r e f r o m .   A  t r a n s m i t t e r   a m p l i f i e r  

a m p l i f i e s   the  f i l t e r e d   s i n u s o i d a l   w a v e f o r m   to  o b t a i n   t h e  

low  d i s t o r t i o n   s i n u s o i d a l   t r a n s m i t t e r   s i g n a l   t h a t   i s  

a c t u a l l y   a p p l i e d   to  the   t r a n s m i t t e r   c o i l .  



The  d i g i t a l   i n d u c t i o n   l o g g i n g   t o o l   a l s o   i n c l u d e s   a n  

a u t o p h a s e   u n i t   t h a t   r e s p o n d s   to   the   c o n t r o l l e r   to  g e n e r a t e  
a  d i g i t a l   p h a s e   r e f e r e n c e   s i g n a l   to  a  p h a s e   s e n s i t i v e  

d e t e c t o r   f o r   r e s o l v i n g   the   r e c e i v e r   s i g n a l   i n t o   i t s  

i n - p h a s e   and  q u a d r a t u r e   c o m p o n e n t s .   The  p h a s e   r e f e r e n c e  

s i g n a l   s u c c e s s i v e l y   c h a n g e s   from  a  f i r s t   to  a  s e c o n d   p h a s e  

r e l a t i o n s h i p   w i t h   the  t r a n s m i t t e r   s i g n a l   in  r e s p o n s e   t o  

commands   from  t he   c o n t r o l l e r .   The  f i r s t   and  s e c o n d   p h a s e  
r e f e r e n c e   s i g n a l s   r e s p e c t i v e l y   h a v i n g   the   f i r s t   and  s e c o n d  

p h a s e   r e l a t i o n s h i p s   a r e   p r e c i s e l y   o r t h o g o n a l   to  o n e  
a n o t h e r .   The  a u t o p h a s e   u n i t   f u r t h e r   i n c l u d e s   f i r s t   a n d  

s e c o n d   f l i p - f l o p s   i n t e r c o n n e c t e d   such   t h a t   the   o u t p u t  

s i g n a l   from  the   f i r s t   f l i p - f l o p   ( t h e   p h a s e   r e f e r e n c e  

s i g n a l )   is   p h a s e   s h i f t e d   from  the   f i r s t   p h a s e   r e l a t i o n s h i p  

to  the   s e c o n d   p h a s e   r e l a t i o n s h i p   in  r e s p o n s e   to  c o n t r o l  

s i g n a l s   from  the   c o n t r o l l e r .  

The  d i g i t a l   i n d u c t i o n   l o g g i n g   t o o l   a l s o   i n c l u d e s   a 

p h a s e   s e n s i n g   means  r e s p o n s i v e   to  the   r e c e i v e r   s i g n a l  

and  the  p h a s e   r e f e r e n c e   s i g n a l   from  the   a u t o p h a s e   u n i t  

f o r   s u c c e s s i v e l y   d e t e c t i n g   the  p h a s e   q u a d r a t u r e   c o m p o n e n t s  
in  t he   r e c e i v e r   s i g n a l .   Each  d e t e c t e d   c o m p o n e n t   is  t h a t  

c o m p o n e n t   i n - p h a s e   w i t h   the  c u r r e n t   p h a s e   of  the   p h a s e  

r e f e r e n c e   s i g n a l .   I n c l u d e d   in  the   p h a s e   s e n s i n g   means  i s  

t he   p h a s e   s e n s i t i v e   d e t e c t o r   and  a  r e c e i v e r   a m p l i f i e r   f o r  

a m p l i f y i n g   the   s i g n a l   from  e i t h e r   the  r e c e i v e r   c o i l   or  a  
t e s t   s i g n a l   d e r i v e d   from  the   c u r r e n t   in  the   t r a n s m i t t e r  

c o i l .   The  p h a s e   s e n s i n g   means  a l s o   a p p l i e s   a  f e e d b a c k  

e r r o r   s i g n a l   to  the   a u t o p h a s e   u n i t .   The  f e e d b a c k   e r r o r  

s i g n a l   r e p r e s e n t s   the  m a g n i t u d e   of  t he   d e t e c t e d   c o m p o n e n t  

s i g n a l   g e n e r a t e d   d u r i n g   an  a u t o p h a s e   c y c l e .  

D u r i n g   each  a u t o p h a s e   c y c l e ,   a  p h a s e   r e f e r e n c e   s i g n a l  

is  g e n e r a t e d   fo r   d e t e c t i n g   the   q u a d r a t u r e   c o m p o n e n t   of  t h e  

r e c e i v e r   s i g n a l .   A l so   g e n e r a t e d   d u r i n g   each   a u t o p h a s e  



c y c l e   is   a  t e s t   s i g n a l   d e r i v e d   from  the  t r a n s m i t t e r   c u r -  
r e n t .   Based   on  t he   p h a s e   r e l a t i o n s h i p   b e t w e e n   the  t e s t  

s i g n a l   and  t he   p h a s e   r e f e r e n c e   s i g n a l   g e n e r a t e d   d u r i n g   a n  

a u t o p h a s e   c y c l e ,   t h e   f e e d b a c k   e r r o r   s i g n a l   c a u s e s   t h e  

a u t o p h a s e   u n i t   to  p h a s e   s h i f t   the  p h a s e   r e f e r e n c e   s i g n a l  

in  a  d i r e c t i o n   to  r e d u c e   to  z e r o   the   d e t e c t e d   r e a c t i v e  

c o m p o n e n t .   The  a m o u n t   of  p h a s e   s h i f t   a p p l i e d   by  t h e  

a u t o p h a s e   u n i t   is  r e t a i n e d   a t   the   c o m p l e t i o n   of  e a c h  

a u t o p h a s e   c y c l e   t h e r e b y   to  c o m p e n s a t e   f o r   p h a s e   s h i f t  

e r r o r s   i n t r o d u c e d   by  c i r c u i t s   of  t he   t o o l .  

A l s o   c o n t a i n e d   in  the   r e a d - o n l y - m e m o r y   of  the  w a v e -  

form  g e n e r a t o r   a r e   r e f e r e n c e   c l o c k   g e n e r a t i n g   s i g n a l s   t h a t  

a r e   o u t p u t   a l o n g   w i t h   t he   a m p l i t u d e   d a t a .   The  g e n e r a t e d  

r e f e r e n c e   c l o c k   s i g n a l   is  a p p l i e d   to  the   a u t o p h a s e   u n i t  

and  i s   used  to  g e n e r a t e   t he   p h a s e   r e f e r e n c e   s i g n a l .   T h e  

r e f e r e n c e   c l o c k   g e n e r a t i n g   d a t a   s i g n a l s   a r e   s t o r e d   in  t h e  

r e a d - o n l y - m e m o r y  r e l a t i v e   to  the   t r a n s m i t t e r   s i g n a l  

g e n e r a t i n g   d a t a   so  t h a t   the   r e s u l t i n g   p h a s e   r e f e r e n c e  

s i g n a l   from  the   a u t o p h a s e   u n i t   is  p h a s e   s h i f t e d   r e l a t i v e  

to  the   t r a n s m i t t e r   s i g n a l   t h e r e b y   to  c o m p e n s a t e   f o r   p h a s e  
s h i f t   e r r o r s   i n t r o d u c e d   by  c i r c u i t s   of  t he   t o o l .  

The  d i g i t a l   i n d u c t i o n   t o o l   a l s o   i n c l u d e s   a  f l o a t -  

ing  p o i n t   a n a l o g - t o - d i g i t a l   c o n v e r t e r   f o r   s u c c e s s i v e l y  

o b t a i n i n g   f l o a t i n g   p o i n t   d i g i t a l   s a m p l e s   of  t h e   m a g n i -  

t u d e   of  t he   d e t e c t e d   p h a s e   q u a d r a t u r e   c o m p o n e n t s   of  t h e  

r e c e i v e r   s i g n a l   o u t p u t   from  the   p h a s e   s e n s i n g   means .   E a c h  

f l o a t i n g   p o i n t   s i g n a l   i n c l u d e s   a  d i g i t a l   word  r e p r e s e n t i n g  

the   e x p o n e n t   of  a  f l o a t i n g   p o i n t   number   and  a  d i g i t a l   w o r d  

s i g n a l   r e p r e s e n t i n g   i t s   m a g n i t u d e .   The  f l o a t i n g   p o i n t '  

a n a l o g - t o - d i g i t a l   c o n v e r t e r   i n c l u d e s   a  v o l t a g e - t o - f r e q u e n c y  

c o n v e r t e r   t h a t   g e n e r a t e s   a  d i g i t a l   c l o c k i n g   f r e q u e n c y   p r o -  

p o r t i o n a l   to  the  m a g n i t u d e   of  the   c o m p o n e n t   s i g n a l   o u t p u t  

from  t he   p h a s e   s e n s i n g   m e a n s .   A  c o u n t e r   c o u n t s   c l o c k  



c l o c k   c y c l e s   of  t he   d i g i t a l   f r e q u e n c y   s i g n a l   d u r i n g   a 

p r e d e t e r m i n e d   t ime   p e r i o d .   T h i s   p r e d e t e r m i n e d   t ime  p e r i o d  

r e p r e s e n t   an  i n t e g r a t i o n   t ime   o v e r   wh ich   the   d e t e c t e d  

c o m p o n e n t   s i g n a l   is  be  i n t e g r a t e d .  

A  s h i f t   r e g i s t e r   h a v i n g   a  s t a g e   f o r   each   b i t   of  t h e  

c o u n t e r   r e c e i v e s   and  s t o r e s   the   c o n t e n t s   of  t h e   c o u n t e r  

at  the   end  of  e ach   p r e d e t e r m i n e d   t ime   p e r i o d .   R e s p o n s i v e  
to  s h i f t   p u l s e s ,   the   s h i f t   r e g i s t e r   s h i f t s   t h e   r e s u l t i n g  

c o u n t   in  a  d i r e c t i o n   to  i n c r e a s e   the   m a g n i t u d e   of  t h e  

c o u n t   c o n t a i n e d   in  a  p r e d e t e r m i n e d   s u b - s e t   number   o f  

o u t p u t   b i t s   of  t he   s h i f t   r e g i s t e r .   T h i s   s u b - s e t   of  b i t s  

has  a  s i g n   b i t   and  most  s i g n i f i c a n t   b i t   (MSB),  and  f o r m s  

the  m a g n i t u d e   of  each  f l o a t i n g   p o i n t   d i g i t a l   s i g n a l .   A 

s e c o n d   c o u n t e r   is  a l s o   i n c l u d e d   f o r   c o u n t i n g   the   number   o f  
s h i f t   p u l s e s   a p p l i e d   to  the  s h i f t   r e g i s t e r .   The  s h i f t  

r e g i s t e r   is  s h i f t e d   one  b i t   p o s i t i o n   f o r   e ach   s h i f t   p u l s e .  

T h i s   s h i f t i n g   c o n t i n u e s   u n t i l   t he   f i r s t   to  o c c u r   of  e i t h e r  

a  l o g i c   1  a p p e a r i n g   in  the  MSB  of  the   m a g n i t u d e   or  t h e  

c o u n t   in  t he   s e c o n d   c o u n t e r   r e a c h e s   a  p r e d e t e r m i n e d   c o u n t  

( z e r o ) .   The  c o u n t   in  the  s e c o n d   c o u n t e r   f o r m s   the   e x p o -  

n e n t   of  e ach   f l o a t i n g   p o i n t   d i g i t a l   s a m p l e .  



BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

A  d i g i t a l   i n d u c t i o n   l o g g i n g   t o o l   c o n s t r u c t e d   i n  

a c c o r d a n c e   w i t h   t he   p r e f e r r e d   e m b o d i m e n t   of  t he   i n v e n -  

t i o n   is  i l l u s t r a t e d   in  the  a c c o m p a n y i n g   d r a w i n g s   i n  

w h i c h ,  

FIG.  1  is   an  i l l u s t r a t i o n   of  a  d i g i t a l   i n d u c t i o n  

l o g g i n g   s y s t e m   in  p l a c e   f o r   l o g g i n g   a  b o r e h o l e ;  

FIG.  2  i s   a  f u n c t i o n a l   c i r c u i t   b l o c k   d i a g r a m   of  t h e  

d i g i t a l   i n d u c t i o n   l o g g i n g   t o o l   i l l u s t r a t e d   in  FIG.  1;  

FIG.  3  is  a  p h a s e   d i a g r a m   i l l u s t r a t i n g   how  t h e  

v o l t a g e   i n d u c e d   in  the   r e c e i v e r   c o i l   s y s t e m   v a r i e s   a s  

a  f u n c t i o n   of  t h e   t r a n s m i t t e r   c u r r e n t   f r e q u e n c y ;  

FIG.  4  is  a  p h a s e   d i a g r a m   i l l u s t r a t i n g   the   p h a s e  

r e l a t i o n s h i p s   b e t w e e n   the  c u r r e n t   in  the  t r a n s m i t t e r   c o i l  

s y s t e m ,   the   t r a n s m i t t e r   v o l t a g e   o u t p u t ,   and  the   R  and  X 

s i g n a l s   r e c e i v e d   in  the  r e c e i v e r   c o i l   s y s t e m ;  

FIGS.  5A  and  5B  a re   a  more  d e t a i l e d   c i r c u i t   d i a g r a m  
of  the  c o n t r o l l e r   i l l u s t r a t e d   in  FIG.  1 ;  

FIG.  6  is   a  t i m i n g   d i a g r a m   f o r   v a r i o u s   s i g n a l s   o f  

the  f l o a t i n g   p o i n t   A/D  c o n v e r t e r   i l l u s t r a t e d   in  FIGS.  2 

and  1 2 ;  

FIG.  7  is  a  f low  d i a g r a m   of  the   c o n t r o l l e r   f i r m w a r e  

r o u t i n e   f o r   g e n e r a t i n g   a  t ime  i n t e r v a l ;  

FIGS.  8A  and  8B  are   a  f i r m w a r e   f low  d i a g r a m   fo r   t h e  

f i r m w a r e   of  the   c o n t r o l l e r   shown  in  FIGS.  5A  and  5B; 



FIGS.   9A  and  9B  a r e   a  more  d e t a i l e d   c i r c u i t   d i a g r a m  
of  t he   d i g i t a l   w a v e f o r m   g e n e r a t o r   w h i c h   g e n e r a t e s   t h e  

t r a n s m i t t e r   s i g n a l ;  

FIG.  10  is   an  i l l u s t r a t i o n   of  t he   p h a s e   r e l a t i o n s h i p  

b e t w e e n   the   t r a n s m i t t e r   s i g n a l   v o l t a g e   w a v e f o r m   and  t h e  

p h a s e   r e f e r e n c e   s i g n a l   a p p l i e d   to  t he   p h a s e   s e n s i t i v e  

d e t e c t o r   f o r   d e t e c t i n g   b o t h   the   R  and  t h e   X  p h a s e   c o m p o -  

n e n t   s i g n a l s   in  the   r e c e i v e r   s i g n a l ;  

FIG.  11  is  a  more  d e t a i l e d   c i r c u i t   d i a g r a m   of  t h e  

a u t o p h a s e   u n i t   i n c l u d e d   in  FIG.  2 ;  

FIG.  12  is   a  more  d e t a i l e d   c i r c u i t   d i a g r a m   of  t h e  

f l o a t i n g   p o i n t   a n a l o g - t o - d i g i t a l   c o n v e r t e r   shown  i n  

FIG.  2 ;  

FIG.  13  is  an  i l l u s t r a t i o n   of  t he   a u t o c a l i b r a t i o n  

l i n e a r i z a t i o n   t e c h n i q u e ;   a n d  

FIG.  14  is   a  g r a p h   of  the   r e c e i v e r   s i g n a l   v e r s u s  
f o r m a t i o n   c o n d u c t i v i t y   f o r   d i f f e r e n t   t r a n s m i t t e r   f r e -  

q u e n c i e s .  

S i m i l a r   r e f e r e n c e   n u m e r a l s   r e f e r   to  s i m i l a r   p a r t s  

t h r o u g h o u t   t he   s e v e r a l   d r a w i n g s .  

DETAILED  DESCRIPTION  OF  THE 

PREFERRED  EMBODIMENT  OF  THE  INVENTION 

The  D i g i t a l   I n d u c t i o n   L o g g i n g   S y s t e m  

R e f e r r i n g   now  to  the   f i g u r e s   and  f i r s t   to  FIG.  1 ,  

a  p i c t o r i a l   r e p r e s e n t a t i o n   of  a  d i g i t a l   i n d u c t i o n   l o g g i n g  

s y s t e m   i n c l u d i n g   t he   p r e s e n t   i n v e n t i o n   is  shown.   A  d i g i -  

t a l   i n d u c t i o n   r e s i s t i v i t y   l o g g i n g   t o o l   1  in  a c c o r d a n c e  



w i t h   the   i n v e n t i o n   is  shown  s u s p e n d e d   in  a  w e l l   b o r e h o l e  

16  by  a  w i r e l i n e   c a b l e   14.  A s s o c i a t e d   w i t h   each  end  o f  

the   w i r e l i n e   c a b l e   14  a re   t e l e m e t r y   t r a n s m i t t e r - r e c e i v e r  

u n i t s   12  w h i c h   t o g e t h e r   c o m p r i s e   a  t e l e m e t r y   means  f o r  

t r a n s m i t t i n g   and  r e c e i v i n g   d i g i t a l   i n f o r m a t i o n   be tween   a 

s u r f a c e   l o c a t e d   c e n t r a l   p r o c e s s i n g   u n i t   (CPU)  10  and  t h e  

d o w n h o l e   d i g i t a l   i n d u c t i o n   t o o l   1.  T e l e m e t r y   t r a n s m i t t e r -  

r e c e i v e r   u n i t s   12  o p e r a t e   to  convey   command  and  d a t a  

i n f o r m a t i o n   from  the   CPU  10  to  the  c i r c u i t s   of  the  d i g i t a l  
i n d u c t i o n   t o o l   1,  and  to  t r a n s m i t   and  r e c e i v e   the  f l o a t i n g  

p o i n t   d i g i t a l   s i g n a l s   o b t a i n e d   by  the   d i g i t a l   i n d u c t i o n  

t o o l   1.  T h e s e   d i g i t a l   s a m p l e s   r e p r e s e n t   a  c h a r a c t e r i s t i c  

of  t he   e a r t h ' s   s u b - s u r f a c e   f o r m a t i o n s   and  a re   t r a n s m i t t e o  

u p h o l e   to  the  CPU  10  f o r   f u r t h e r   p r o c e s s i n g .  

By  means   of  a  s u i t a b l e   drum  and  w i n c h   m e c h a n i s m   ( n o t  

shown)   the   l e n g t h   of  c a b l e   which  is  s u s p e n d e d   in  t h e  

b o r e h o l e   may  be  e i t h e r   i n c r e a s e d   or  d e c r e a s e d   to  p r o v i d e  

the   d e s i r e d   movement   of  the  d o w n h o l e   a p p a r a t u s   t h r o u g h  

t he   b o r e h o l e .  

The  D i g i t a l   I n d u c t i o n   Logg ing   Tool  1 

T u r n i n g   now  to  FIG.  2,  a  more  d e t a i l e d   b lock   d i a g r a m  

of  t he   d i g i t a l   i n d u c t i o n   l o g g i n g   t o o l   1  is  shown.  The 

i n d u c t i o n   l o g g i n g   t o o l   o p e r a t e s   on  p r i n c i p l e s   t h a t   a r e  

w e l l   known  to  t h o s e   s k i l l e d   in  the  a r t   and  w i l l   only  be  

b r i e f l y   d e s c r i b e d   h e r e i n .   A  t r a n s m i t t e r   c o i l   34  i s  

e x c i t e d   w i t h   a  AC  v a r y i n g   t r a n s m i t t e r   c u r r e n t   iT.  The  

p r e s e n c e   of  t h i s   t r a n s m i t t e r   c u r r e n t   iT  p r o d u c e s   a  mag-  
n e t i c   f i e l d   which   p r o p a g a t e s   i n t o   the   e a r t h ' s   s u b - s u r f a c e  

f o r m a t i o n s   s u r r o u n d i n g   the  i n d u c t i o n   t o o l   1  s o n d e .   T h i s  

m a g n e t i c   f i e l d   i n d u c e s   eddy  c u r r e n t s   to  f low  in  the  f o r -  

m a t i o n s .   P o s i t i o n e d   p r o x i m a t e   the  t r a n s m i t t e r   c o i l   3 4 ,  

bu t   e l e c t r i c a l l y   i s o l a t e d   from  d i r e c t   c o u p l i n g   of  t h e  



m a g n e t i c   f i e l d   p r e s e n t   in  t he   t r a n s m i t t e r   c o i l   34,  is  a 

r e c e i v e r   c o i l   36.  As  a  r e s u l t   of  eddy  c u r r e n t s   f l o w i n g   i n  

t he   f o r m a t i o n s ,   m a g n e t i c   f i e l d s   a r e ,   in  t u r n ,   g e n e r a t e d .  

T h e s e   m a g n e t i c   f i e l d s   a re   d e t e c t e d   by  t he   r e c e i v e r   c o i l  

36.  A  r e c e i v e r   s i g n a l   v o l t a g e   37  (Vr)  i s   t h u s   g e n e r a t e d  

on  the   o u t p u t   of  t he   r e c e i v e r   c o i l   36.  T h i s   v o l t a g e   i s  

i n d i c a t i v e   of  t h e   c o n d u c t i v i t y   of  t he   f o r m a t i o n s .   F rom 

t h i s   r e c e i v e r   s i g n a l   37,  p h a s e   c o m p o n e n t s   w i l l   be  o b t a i n e d  

f o r   f u r t h e r   p r o c e s s i n g   by  the   CPU  10  to   o b t a i n   the  d e s i r e d  

c h a r a c t e r i s t i c   of  the   s u b - s u r f a c e   f o r m a t i o n s .  

I t   s h o u l d   be  p o i n t e d   ou t   t h a t   a  s i n g l e   t r a n s m i t t e r  

c o i l   and  a  s i n g l e   r e c e i v e r   c o i l   a r e   shown  in  FIG.  2  f o r  

p u r p o s e s   of  i l l u s t r a t i o n   and  d i s c u s s i o n   of  t he   i n v e n t i o n .  

A l t h o u g h   the  i n v e n t i o n   is  d e s c r i b e d   w i t h   r e f e r e n c e   t o  

s i n g l e   t r a n s m i t t e r   and  r e c e i v e r   c o i l   s y s t e m s ,   the  i n v e r . - '  

t i o n   is  e q u a l l y   a p p l i c a b l e   to  s y s t e m s   wh ich   i n c l u d e  

m u l t i p l e   t r a n s m i t t e r   c o i l s   or  m u l t i p l e   r e c e i v e r   c o i l s   o r  

c o m b i n a t i o n s   t h e r e o f .   For  an  e x a m p l e   of  an  i n d u c t i o n  

l o g g i n g   s y s t e m s   wh ich   i n c o r p o r a t e s   m u l t i p l e   c o i l   a r r a n g e -  

m e n t s ,   see   U.S.  P a t e n t   No.  3 , 1 5 0 , 3 1 4 .   P a r t i c u l a r   b e n e f i t s  

a r e   o b t a i n e d   from  such  c o i l   s y s t e m s .   For  e x a m p l e ,   m o d e r n  
c o i l   a r r a y s   a re   d e s i g n e d   to  s u b s t a n t i a l l y   e l i m i n a t e  

r e c e i v e r   v o l t a g e   s i g n a l   due  to  m u t u a l   i n d u c t i v e   c o u p l i n g  

(X  s o n d e   e r r o r ) .  

The  c i r c u i t s   i l l u s t r a t e d   in  FIG.  2  p e r f o r m   t h e i r  

f u n c t i o n s   u n d e r   c o n t r o l   of  a  c o n t r o l l e r   22.  The  t e l e m e t r y  

t r a n s m i t t e r - r e c e i v e r   u n i t   12  r e s p o n d s   to  the   t e l e m e t r y   b u s  

d a t a   from  the   w i r e l i n e   c a b l e  1 4   to  a p p l y   the   command  a n d  

d a t a   i n f o r m a t i o n   from  CPU  10  to  c o n t r o l l e r   22.  Tnis   d a t a  

s p e c i f i e s   the  modes  and  p a r a m e t e r s   of  t he   i n d u c t i o n   t o o l .  

A  q u a r t z   c r y s t a l   c o n t r o l l e d   c l o c k   o s c i l l a t o r   24  p r o v i d e s  .  

the   m a s t e r   s y s t e m   t i m i n g   s i g n a l   25  t h a t   is  a p p l i e d   to  t h e  

c o n t r o l l e r   22  v i a   a  d i g i t a l   w a v e f o r m   g e n e r a t o r   2 6 .  



D i g i t a l   w a v e f o r m   g e n e r a t o r   26  d i v i d e s   c l o c k   s i g n a l   25 

b e f o r e   a p p l y i n g .  i t   to  the  c o n t r o l l e r   22.  From  c l o c k   24 

i s  d e r i v e d   a l l   of  the   c i r c u i t   t i m i n g   s i g n a l s .   S y n c h r o n i -  
z a t i o n   and  c o n t r o l   of  the   v a r i o u s   f u n c t i o n a l   b l o c k s  

d e p i c t e d   in  FIG.  2  by  c o n t r o l l e r   22  is   d e s c r i b e d   in  m o r e  
d e t a i l   b e l o w .  

S t i l l   r e f e r r i n g   to  FIG.  2,  a  w a v e f o r m   g e n e r a t o r   26 

r e s p o n d s   to  t he   s y s t e m   c l o c k   25  to  p r o d u c e   a  s t a i r - s t e p  

a p p r o x i m a t i o n   to  a  s i n u s o i d a l   w a v e f o r m   on  l ead   27  w h i c h  

u l t i m a t e l y   w i l l   become  the   AC  t r a n s m i t t e r   s i g n a l   on  l e a d  

28  a p p l i e d   to  the   t r a n s m i t t e r   c o i l   34.  The  f r e q u e n c y   o f  

the  t r a n s m i t t e r   s i g n a l   is  s e l e c t a b l e   from  among  a  p l u -  

r a l i t y   of  f r e q u e n c i e s   which   w a v e f o r m   g e n e r a t o r   26  i s  

c a p a b l e   of  g e n e r a t i n g .   F r e q u e n c y   s e l e c t   s i g n a l s   may  b-2 

s u p p l i e d   f rom  t he   s u r f a c e   at   any  t ime   d u r i n g   d o w n h o l e  

o p e r a t i o n s   to  s e l e c t   the   d e s i r e d   t r a n s m i t t e r   f r e q u e n c y .  

In  a d d i t i o n   to  g e n e r a t i n g   a  s t a i r - s t e p   a p p r o x i m a t i o n   t o  

the  t r a n s m i t t e r   s i g n a l ,   w a v e f o r m   g e n e r a t o r   26  a l s o   p r o -  
v i d e s   s e v e r a l   c l o c k i n g   s i g n a l s   to  an  a u t o p h a s e   u n i t   3 2 .  

A u t o p h a s e   u n i t   32  has  two  p r i m a r y   f u n c t i o n s :   F i r s t ;   t o  

g e n e r a t e   the  p h a s e   r e f e r e n c e   s i g n a l   42  to  a  phase   s e n s i -  

t i v e   d e t e c t o r   40.  The  p h a s e   r e f e r e n c e   s i g n a l   42  e n a b l e s  

t h a t   d e t e c t o r   to  d e t e c t   the  p h a s e   q u a d r a t u r e   c o m p o n e n t  

s i g n a l s   of  the   r e c e i v e r   s i g n a l   37.  S e c o n d ,   to  phase   s h i f t  

the  p h a s e   r e f e r e n c e   s i g n a l   42  in  a  d i r e c t i o n   to  m i n i m i z e  

the   o u t p u t   s i g n a l   from  the   p h a s e   s e n s i t i v e   d e t e c t o r   40 

d u r i n g   a  p h a s e   c o m p e n s a t i o n   c y c l e .   M i n i m i z i n g   the  o u t p u t  

of  d e t e c t o r   40  e l i m i n a t e s   p h a s e   s h i f t   e r r o r s   i n t r o d u c e d   by 

c e r t a i n   c i r c u i t s   of  the   t o o l .  

C o n n e c t e d   to  the   o u t p u t   of  the   w a v e f o r m   g e n e r a t o r   26 

is  a  low  p a s s   f i l t e r   86  which   f i l t e r s   the  h a r m o n i c   c o n t e n t  

of  the   s t a i r - s t e p   a p p r o x i m a t i o n   s i g n a l   on  l ead   27.  The  



o u t p u t   of  low  p a s s   f i l t e r   86  i s   t h e n   a p p l i e d   to  a  t r a n s -  

m i t t e r   power   a m p l i f i e r   88  w h i c h   a m p l i f i e s   and  a p p l i e s   a 
s i n u s o i d a l   t r a n s m i t t e r   s i g n a l   on  l e a d   28  to  the  t r a n s -  

m i t t e r   c o i l   34.  C o n n e c t e d   b e t w e e n   t he   o u t p u t   of  t r a n s -  

m i t t e r   power   a m p l i f i e r   88  and  c i r c u i t   g r o u n d   is  a  c a p a c i -  

t o r   C1  which   f u n c t i o n s   to  a p p l y   a  power   f a c t o r   a d j u s t m e n t  
to  t he   t r a n s m i t t e r   s i g n a l   on  l e a d   28.  Two  a d d i t i o n a l  

c a p a c i t o r s ,   C2  and  C3  may  be  c o n n e c t e d   in  p a r a l l e l   w i t h  

c a p a c i t o r   C1  v i a   s o l i d   s t a t e   s w i t c h e s   r e s p o n d i n g   to  t h e  

f r e q u e n c y   s e l e c t   s i g n a l s   F8  and  F1.  S i n c e   one  of  t h e  
f e a t u r e s   of  the   d i g i t a l   l o g g i n g   s y s t e m s   a c c o r d i n g   to  t h e  

p r e s e n t   i n v e n t i o n   is  the   c a p a b i l i t y   of  s e l e c t i n g   a  t r a n s -  

m i t t e r   f r e q u e n c y   from  among  a  p l u r a l i t y   of  t r a n s m i t t e r  

f r e q u e n c i e s   ( d e s c r i b e d   in  more  d e t a i l   b e l o w ) ,   c a p a c i t o r s  
C2  and  C3  are   p r o v i s o n a l l y   p r o v i d e d   to  p r o v i d e   the  a d d i -  

t i o n a l   power   f a c t o r   c o m p e n s a t i o n   to  t he   o u t p u t   of  t h e  

t r a n s m i t t e r   p o w e r  a m p l i f i e r   88  as  a  f u n c t i o n   of  t h e  

s e l e c t e d   t r a n s m i t t e r   f r e q u e n c y ,   and  t h u s   r e d u c e   the  p o w e r  

c o n s u m p t i o n   (and  h e a t   d i s s i p a t i o n )   of  t h e   t r a n s m i t t e r .  

C o n n e c t e d   in  s e r i e s   w i t h   the   o u t p u t   .of  the  t r a n s -  

m i t t e r   power   a m p l i f i e r   88  is  a  p r i m a r y   w i n d i n g   of  a 

c u r r e n t   t r a n s f o r m e r   31.  Also   c o n n e c t e d   in  s e r i e s   w i th   t h e  

p r i m a r y   w i n d i n g   of  t r a n s f o r m e r   31  is  t he   t r a n s m i t t e r   c o i l  

34.  The  t r a n s m i t t e r   c u r r e n t   i ,   a l s o   f l o w s   in  t h e  

p r i m a r y   w i n d i n g   of  c u r r e n t   t r a n s f o r m e r   31.  C o n n e c t e d  

a c r o s s   the   s e c o n d a r y   w i n d i n g   of  t r a n s f o r m e r   31  is  a 

p a r a l l e l   c o m b i n a t i o n   of  r e s i s t o r   R  and  c a p a c i t o r   C8.  T h e  

v o l t a g e   s i g n a l   d e v e l o p e d   a c r o s s   R  f u n c t i o n s   as  a  t e s t  

r e f e r e n c e   v o l t a g e   s a m p l e d   from  the   c u r r e n t   f l o w i n g   in  t h e  

t r a n s m i t t e r   c o i l   34.  From  t h i s   r e f e r e n c e   s i g n a l   w i l l l  c o m e  

the   t e s t   s i g n a l s   used  in  a u t o p h a s e   c o m p e n s a t i o n   for   p h a s e  

s h i f t   e r r o r s   i n t r o d u c e d   by  m e a s u r e m e n t   c i r c u i t s   in  t h e  

t o o l   and  f o r   a u t o c a l i b r a t i n g   the   t r a n s f e r   f u n c t i o n   of  t h e  

t o o l .   C a p a c i t o r   C3  f u n c t i o n   to  a p p l y   a  s m a l l   amount  o f  



p h a s e   s h i f t   to  t he   r e f e r e n c e   t e s t   s i g n a l s   g e n e r a t e d   a c r o s s  

R.  T h i s   p h a s e   s h i f t   is  i n t e n d e d   to  d u p l i c a t e   the  p h a s e  

s h i f t   t h a t   is  p r e s e n t   in  Vr  at  the   o u t p u t   of  the  r e c e i v e r  
c o i l   3b  due  to  t he   i m p e r f e c t n e s s   of  t h e   c o i l s   34  and  3 6 .  

C o n n e c t e d   a c r o s s   R  and   C  is  the   p r i m a r y   w i n d i n g   o f  

t r a n s f o r m e r   29.  The  s e c o n d a r y   of  t r a n s f o r m e r   29  has  a 

p l u r a l i t y   of  o u t p u t   t a p s   l a b e l e d   a,  b,  c  and  d,  each   t a p  

g e n e r a t i n g   a  d i f f e r e n t   v o l t a g e   l e v e l .   A  c o n t r o l l a b l e  

s w i t c h   S2  s e l e c t s   from  among  the  o u t p u t   t a p   p o i n t   o f  

t r a n s f o r m e r   29  to   o b t a i n   the  t e s t   s i g n a l   3 3 .  

S t i l l   r e f e r r i n g   to  FIG.  2,  r e c e i v e   c o i l   36  is  s h o w n  

w i t h   the  the  r e c e i v e r   v o l t a g e   Vr  at  i t s   o u t p u t   t e r m i -  

n a l s .   As  p r e v i o u s l y   d i s c u s s e d ,   Vr  is  g e n e r a t e d   i n  

r e s p o n s e   to  the  m a g n e t i c   f i e l d s   p r o d u c e d   by  the  e d d y  

c u r r e n t s   f l o w i n g   in  the   f o r m a t i o n s .   In  n o r m a l   o p e r a t i o n ,  

the  r e c e i v e r   v o l t a g e   on  l ead   37  is  a p p l i e d   t h r o u g h   a 

c o n t r o l l a b l e   s w i t c h   S1  as  the  i n p u t   to  a  r e c e i v e r   a m p l i -  
f i e r   38.  Tne  o u t p u t   of  the   r e c e i v e r   a m p l i f i e r   38  i s  

a p p l i e d   as  the   i n p u t   v o l t a g e   to  the  p h a s e   s e n s i t i v e  .  

d e t e c t o r   40.  P h a s e   s e n s i t i v e   d e t e c t o r   40  and  p r e a m p l i -  
f i e r   38  c o m p r i s e   a  p h a s e   s e n s i n g   means  43  t h a t   is  u s e d  

to  d e t e c t   the  q u a d r a t u r e   phase   c o m p o n e n t   s i g n a l s ,   R  a n d  

X,  in  the  r e c e i v e r   s i g n a l   V r .  

In  o r d e r   f o r   p h a s e   s e n s i t i v e   d e t e c t o r   40  to  d e t e c t  

t h e s e   p h a s e   c o m p o n e n t   s i g n a l s ,   a  p h a s e   r e f e r e n c e   s i g n a l  

42  h a v i n g   the   same  p h a s e   as  the  p h a s e   of  the   c o m p o n e n t  

to  be  d e t e c t e d   mus t   be  g e n e r a t e d   and  a p p l i e d   to  the  p h a s e  

s e n s i t i v e   d e t e c t o r   40.  The  p h a s e   r e l a t i o n s h i p   b e t w e e n  

the  p h a s e   r e f e r e n c e   s i g n a l   42  and  the   c u r r e n t   in  t h e  

t r a n s m i t t e r   c o i l   34  ( iT)   d e t e r m i n e s   wh ich   p h a s e  

c o m p o n e n t   of  t he   r e c e i v e r   s i g n a l   w i l l   be  d e t e c t e d .   F o r  

the   p r e s e n t   i n v e n t i o n ,   a  s i n g l e   p h a s e   s e n s i t i v e   d e t e c t o r  



40  s e q u e n t i a l l y   d e t e c t s   b o t h   q u a d r a t u r e   p h a s e   c o m p o n e n t s  
of  t h e   r e c e i v e r   s i g n a l ,   i . e . ,   t he   p h a s e   c o m p o n e n t   t h a t   i s  

i n - p h a s e   w i t h   iT  and  the   c o m p o n e n t   t h a t   is  o r t h o g o n a l  
t h e r e t o .   For  p h a s e   s e n s i t i v e   d e t e c t o r   40  to  s e q u e n t i a l l y  

d e t e c t   bo th   q u a d r a t u r e   c o m p o n e n t s ,   i t   is  n e c e s s a r y   t o  

s e q u e n t i a l l y   g e n e r a t e   the   p h a s e   r e f e r e n c e   s i g n a l   42  a l t e r -  

n a t e l y   h a v i n g   two  p h a s e   r e l a t i o n s h i p s   to  iT.  F i r s t ,   a 

p h a s e   r e l a t i o n s h i p   t h a t   w i l l   p r o d u c e   the   i n - p h a s e   p h a s e  

c o m p o n e n t   s i g n a l   R,  and  s e c o n d ,   a  p h a s e   r e l a t i o n s h i p   t h a t  

w i l l   p r o d u c e   the   o r t h o g o n a l   p h a s e   c o m p o n e n t   X.  To  i n s u r e  

o r t h o g o n a l i t y   b e t w e e n   the   R  and  X  c o m p o n e n t s ,   the  p h a s e  

c h a n g e   b e t w e e n   the   f i r s t   and  s e c o n d   p h a s e   r e l a t i o n s h i p s  

mus t   be  p r e c i s e l y   9 0 ° .  

The  a u t o p h a s e   u n i t   32  r e s p o n d s   to  c l o c k i n g   s i g n a l s  
f rom  w a v e f o r m   g e n e r a t o r   26  and  to  the   c o n t r o l l e r   22  t o  

p r o d u c e   the  p h a s e   r e f e r e n c e   s i g n a l   42  h a v i n g   the  s e q u e n -  
t i a l   p h a s e   r e l a t i o n s h i p s   to  t he   t r a n s m i t t e r   c u r r e n t   i T .  
W a v e f o r m   g e n e r a t o r   26  o u t p u t s ,   in  a  p r e d e t e r m i n e d   p h a s e  

r e l a t i o n s h i p   to  the  g e n e r a t e d   s i n u s o i d a l   t r a n s m i t t e r  

w a v e f o r m   on  l ead   27,  a  r e f e r e n c e d   c l o c k   s i g n a l   on  l e a d   50 

( 4 f )   t h a t   is  used   by  a u t o p h a s e   u n i t   32  to  g e n e r a t e   t h e  

s q u a r e   wave  p h a s e   r e f e r e n c e   s i g n a l   42.  A  more  d e t a i l e d  

d e s c r i p t i o n   of  t he   c i r c u i t r y   of  the   a u t o p h a s e   u n i t   32  i s  

g i v e n   b e l o w .  

S t i l l   r e f e r r i n g   to  FIG.  2,  two  o u t p u t s   are  p r o d u c e d  

by  t he   p h a s e   s e n s i t i v e   d e t e c t o r   40,  an  a n a l o g   s i g n a l   o n  

l e a d   41  r e p r e s e n t i n g   the   d e t e c t e d   p h a s e   c o m p o n e n t   s i g n a l  
in  t he   r e c e i v e r   s i g n a l   37  and  a  f e e d b a c k   e r r o r   s i g n a l  

AUTO+  on  l e a d   45.  The  d e t e c t e d   p h a s e   c o m p o n e n t   s i g n a l  

is  a p p l i e d   to  a  f l o a t i n g   p o i n t   a n a l o g - t o - d i g i t a l   c o n v e r t e r  

46  w h i l e   AUTO φ  is   a p p l i e d   to  the   a u t o p h a s e   u n i t   32.  T h e  

s i g n a l   AUTO+  is  a  f e e d b a c k   d i g i t a l   s i g n a l   i n d i c a t i v e   o f  

the   p o l a r i t y   of  the   d e t e c t e d   p h a s e   c o m p o n e n t   s i g n a l .  



T h i s   f e e d b a c k   e r r o r   s i g n a l   f u n c t i o n s   as  p a r t   of  a  c l o s e d  

loop   c o n t r o l   s y s t e m   t h a t   is  used  to  a d j u s t   the   phase   o f  

the   p h a s e   r e f e r e n c e   s i g n a l   42  to  c o m p e n s a t e   f o r   v a r i a b l e  

p h a s e   s h i f t   e r r o r s   ( m o s t l y   t e m p e r a t u r e   d e p e n d e n t )   of  t h e  

c i r c u i t s   of  the   t o o l   i n v o l v e d   in  the   g e n e r a t i o n   of  t h e  

t r a n s m i t t e r   s i g n a l   and  in  the  d e t e c t i o n   of  the   p h a s e  

c o m p o n e n t   s i g n a l s   in  the   r e c e i v e r   s i g n a l   on  l e a d   3 7 .  

I d e a l l y ,   i f   the   c i r c u i t s   of  the   t o o l   t r a n s m i t t e r   a n d  

r e c e i v e r   c o i l s   and  d o w n h o l e   e l e c t r o n i c s   were   i d e a l   ( n o t  

s u b j e c t   to  t e m p e r a t u r e   d r i f t ,   a l l   i n d u c t o r s   were  p u r e  
i n d u c t a n c e ,   e t c . ) ,   t he   p h a s e   of  t he   c o m p o n e n t s   in  t h e  

r e c e i v e   s i g n a l   37  would   be  p r e d i c t a b l e   and  c o n s t a n t .  

U n f o r t u n a t e l y ,   such   an  i d e a l   w o r l d   does   not   e x i s t .   As  a 

r e s u l t ,   p h a s e   s h i f t   e r r o r s   are   i n t r o d u c e d   i n t o   the  v a r i o u ' s  

s i g n a l s   of  the   t o o l   t h a t   are   not  p r e d i c t a b l e .   B a s i c a l l y ,  

two  d i f f e r e n t   s o u r c e s   of  p h a s e  s h i f t   e r r o r s   a re   c o m p e n s a t e d  

f o r   w i t h   the   a p p a r a t u s   a c c o r d i n g   to  the  i n v e n t i o n .   T h o s e  

p h a s e   s h i f t   e r r o r s   i n t r o d u c e d   by  the  c i r c u i t s   of  t h e  

d o w n h o l e   c o i l s   and  e l e c t r o n i c s   when  m e a s u r e d   at  a  f i x e d  

t e m p e r a t u r e   and  o p e r a t i n g   c o n d i t i o n   are   d e f i n e d   as  " t h e  

s t a t i c   sonde   p h a s e   s h i f t   e r r o r s . "   Those   p h a s e   s h i f t  

e r r o r s   i n t r o d u c e d   by  such  t h i n g s   as  t e m p e r a t u r e   d r i f t   a r e  

d e f i n e d   as  " d y n a m i c   p h a s e   s h i f t   e r r o r s . "   These   d y n a m i c  
p h a s e   s h i f t   e r r o r s   ac t   to  m o d u l a t e   the   s t a t i c   phase   s h i f t  

e r r o r s .   In  the  p r e s e n t   i n v e n t i o n ,   t h e s e   s t a t i c   p h a s e  
s h i f t   e r r o r s   a re   c o m p e n s a t e d   for   by  a  p r e d e t e r m i n e d   p h a s e  

s h i f t i n g   of  t he   r e f e r e n c e d   c l o c k   s i g n a l   on  l e a d   50 

r e l a t i v e   to  the   d i g i t a l l y   g e n e r a t e d   t r a n s m i t t e r   s i g n a l   o n  

l e a d   27,  b o t h   s i g n a l ' s   g e n e r a t e d   b y  t h e   w a v e f o r m   g e n e r a t o r  
26.  As  is  more  f u l l y   d i s c u s s e d   b e l o w ;   the   d i g i t a l   d a t a  

used  to  g e n e r a t e   bo th   the  r e f e r e n c e d   c l o c k   s i g n a l   on  l e a d  

50  and  the   t r a n s m i t t e r   s i g n a l   on  l e a d   27  a re   s t o r e d   in  a 

r e a d - o n l y - m e m o r y   r e l a t i v e   to  one  a n o t h e r   such   t h a t   t h e  

d e s i r e d   p h a s e   s h i f t   to  c o m p e n s a t e   for   t h e s e   s t a t i c   p h a s e  



s h i f t   e r r o r s   r e s u l t   when  the   c o n t e n t s   of  t he   memory  l o c a -  

t i o n s   a r e   r e a d   o u t .   In  a  s e n s e ,   the   p h a s e   s h i f t i n g   o f  
the   r e f e r e n c e d   c l o c k   s i g n a l   on  l e a d   50  r e l a t i v e   to  t h e  

t r a n s m i t t e r   s i g n a l   on  l ead   27  c o m p r i s e s   a  f i r s t   o r d e r  

p h a s e   s h i f t   c o r r e c t i o n   to  the   t o t a l   p h a s e   s h i f t   e r r o r  

t h a t   i s   p r e s e n t   in  the  c o i l   and  e l e c t r o n i c   c i r c u i t s ,   b o t n  

s t a t i c   and  d y n a m i c .   The  s t a t i c   p h a s e   s h i f t   c o r r e c t i o n   i s  

a l s o   a d a p t e d   to  the   f r e q u e n c y   s e l e c t e d   f o r   t he   t r a n s m i t t e r ,  

b e c a u s e   t he   c o i l s   and  e l e c t r o n i c s   i n t r o d u c e   a  f r e q u e n c y  

d e p e n d e n t   p h a s e   s h i f t .  

The  a u t o p h a s e   u n i t   32  i n c l u d e s   a  m e a n s   f o r   p h a s e  

s h i f t i n g   the   p h a s e   r e f e r e n c e   s i g n a l   on  l e a d   42  by  p h a s e  

s h i f t i n g   t h e   r e f e r e n c e   c l o c k   s i g n a l   on  l e a d   50  from  w h i c t  

the   p h a s e   r e f e r e n c e   s i g n a l   on  l e a d   42  is  d e r i v e d .   N o r m a l  

o p e r a t i o n   of  the   d i g i t a l   i n d u c t i o n   t o o l   a c c o r d i n g   to  t h e  

i n v e n t i o n   is  i n t e r r u p t e d   p e r i o d i c a l l y   by  an  a u t b p h a s e  

c y c l e   d u r i n g   w h i c h   c o r r e c t i o n s   to  the   p h a s e   r e l a t i o n s h i p  
of  t he   p h a s e   r e f e r e n c e   s i g n a l   on  l e a d   4.2  and  the   t r a n s -  

m i t t e r   c u r r e n t   iT  a re   made  to  c o m p e n s a t e   f o r   the  t e m p e r a -  
t u r e   d e p e n d e n t   p h a s e   s h i f t   e r r o r s   p r e s e n t   in  the   p h a s e  

s e n s i n g   means   43.  T h i s   is  in  e f f e c t   a  s e c o n d   o r d e r   p h a s e  
s h i f t   e r r o r   c o m p e n s a t i o n .  

D u r i n g   each  a u t o p h a s e   c y c l e ,   c o n t r o l l a b l e   s w i t c h   S1 

which   i s   p a r t   of  s e l e c t i n g   mean  47  is  c o n t r o l l e d   by  t h e  

c o n t r o l l e r   22  to  s e l e c t   the   t e s t   s i g n a l   on  l e a d   33  w h i c h  

is  d e r i v e d   f rom  t he   t r a n s f o r m e r   31.  T h i s   t e s t   s i g n a l   on 

l e a d   33  i s   a p p l i e d   as  the  i n p u t   s i g n a l   to  t he   r e c e i v e r  

a m p l i f i e r   38,  and  f u n c t i o n s   as  a  r e f e r e n c e   s i g n a l   w i t h   a 

known  p h a s e   r e l a t i o n s h i p   to  t he   t r a n s m i t t e r   c u r r e n t   i T .  

R e s p o n s i v e   to   the   command  START  AUTOPHASE  f rom  the  c o n -  
t r o l l e r   22,   a u t o p h a s e   u n i t   32  g e n e r a t e s   a  p h a s e   r e f e r e n c e  

s i g n a l   42  h a v i n g   an  a p p r o x i m a t e l y   90°  p h a s e   r e l a t i o n s h i p  

to  t he   t e s t   s i g n a l   33.  If   t h e r e   was  no  c h a n g e   in  t h e '  



p h a s e   s h i f t   i n t r o d u c e d   by  the  p h a s e   s e n s i n g   means  43  f r o m  

the   l a s t   a u t o p h a s e   c y c l e ,   the   d e t e c t e d   o u t p u t   phase   s i g n a l  

on  l e a d   41  s h o u l d   be  at  or  n e a r   z e r o .   For   such  a  c o n d i t i o n ,  

no  f u r t h e r   p h a s e   s h i f t i n g   to  the   p h a s e   r e f e r e n c e   s i g n a l   42 

is  n e e d e d   in  t h i s   a u t o p h a s e   c y c l e .   H o w e v e r ,   i f   the  s i g n a l  

on  l e a d   41  is   not   z e r o ,   AUTOφ  w i l l   g e n e r a t e   a  f e e d b a c k  

e r r o r   s i g n a l   to  the   a u t o p h a s e   u n i t   32  e n a b l i n g   the  p h a s e  
s h i f t i n g   means  95  c o n t a i n e d   t h e r e i n   ( r e f e r   to  the  d i s c u s s i o n  

w i t h   r e f e r e n c e   to  FIG.  11)  to  a d j u s t   t he   p h a s e   of  the  p h a s e  
r e f e r e n c e   s i g n a l   42  in  a  d i r e c t i o n   to  m i n i m i z e   or  r e d u c e  

the   m a g n i t u d e   of  the   d e t e c t e d   p h a s e   s i g n a l   on  l ead   41  b a c k  

to  z e r o .   At  the  end  of  each  a u t o p h a s e   c y c l e ,   a u t o p h a s e  
u n i t   32  r e t a i n s   the  amount   of  p h a s e   s h i f t   a p p l i e d   to  t h e  

p h a s e   r e f e r e n c e   s i g n a l   on  l ead   42  u n t i l   t he   next   a u t o p h a s e  

c y c l e .   T h u s ,   t e m p e r a t u r e   d e p e n d e n t   d r i f t s ,   and  the  l i k e ,  

in  p h a s e   s h i f t   e r r o r   i n t r o d u c e d   by  the   p h a s e   s e n s i n g   m e a n s  
43  w i l l   be  d y n a m i c a l l y   c o m p e n s a t e d   f o r .  

As  shown  in  FIG.  2,  the   d e t e c t e d   p h a s e   c o m p o n e n t  

s i g n a l   p r o d u c e d   by  the  p h a s e   s e n s i t i v e   d e t e c t o r   40  i s  

a p p l i e d   to  a  f l o a t i n g   p o i n t   a n a l o g - t o - d i g i t a l   c o n v e r t e r  

46.  The  r e s u l t i n g   d i g i t a l   s a m p l e s   a re   t h e n   t r a n s m i t t e d  

v i a   t he   t e l e m e t r y   t r a n s m i t t e r - r e c e i v e r   u n i t   12  to  t h e  

s u r f a c e   l o c a t e d   CPU  10.  A  d e t a i l e d   d e s c r i p t i o n   of  t h e  

c i r c u i t s   and  o p e r a t i o n   of  the  c o n v e r t e r   46  is  g i v e n   b e l o w  
w i t h   r e f e r e n c e   to  FIG.  1 2 .  

The  C o n t r o l l e r   22 

' u r n i n g   now  to  F.IG.  5 ,  a   d e t a i l e d   c i r c u i t   d i a g r a m   o f  

c o n t r o l l e r   22  is  shown.  C o n t r o l l e r   22  is  a  g e n e r a l   p u r -  

pose   s t o r e d   p r o g r a m   c o n t r o l l e r   in  which   f i r m w a r e   r o u t i n e s  

are   c o n t a i n e d   in  a  r e a d - o n l y   memory  ROM  57.  C o n t r o l l i n g  

the  i n t e r n a l   t i m i n g   s e q u e n c i e s   of  the   c o n t r o l l e r   22  is  a 

s t a t e   c o n t r o l l e r   50  t h a t   r e s p o n d s   to  a  2 .5   MHz  c lock   s i g n a l  



f rom  w a v e f o r m   g e n e r a t o r   26  to  p r o d u c e   the   v a r i o u s   s t a t e  

t i m i n g   s i g n a l s   shown  in  FIG.  6.  T h e s e   t i m i n g   s i g n a l s   a r e  

used   to  c o n t r o l   the   s e q u e n c i n g   of  t he   c i r c u i t s   i l l u s t r a t e d  

in  FIG.  5.  Among  o t h e r   f u n c t i o n s ,   c o n t r o l l e r   22  o p e r a t e s  
to  g e n e r a t e   c o n t r o l   p u l s e s   on  a  number   of  o u t p u t   l i n e s ;  

s e t s   l o g i c   l e v e l s   in  a  number   of  i n p u t   l i n e s   and  r e s p o n d s  

to  t h e s e   s i g n a l s ;   g e n e r a t e s   v a r i a b l e   t ime   d e l a y s   u s i n g   a n  

i n t e r n a l   c o u n t e r   w h i c h   r e s p o n d s   to  a  c l o c k   d e v e l o p e d   f r o m  

the   s y s t e m   c l o c k ;   t r a n s f e r s   8 - b i t   words   d i r e c t l y   f r o m  

memory  to  e x t e r n a l   c i r c u i t s ;   jumps  to  a r b i t r a r y   p r o g r a m  
l o c a t i o n s   w i t h i n   t he   f i r m w a r e   ROM  57  u n d e r   p r o g r a m   c o n t r o l  

or  u s i n g   an  e x t e r n a l l y   g e n e r a t e d   8 - b i t   a d d r e s s   ( v e c t o r e d  

j u m p s ) ;   and ,   p e r f o r m s   s i m p l e   b o o l e a n   o p e r a t i o n s   on  t w o  

b i n a r y   b i t s .   With  t h e s e   f u n c t i o n s ,   t h e   c o n t r o l l e r   22  

c o n t r o l s   t he   i n t e r n a l   o p e r a t i o n s   of  t he   i n d u c t i o n   t o o l  

t h r o u g h   an  o r d e r l y   s e q u e n c e   of  e v e n t s ,   such   as  t i m e d  

m e a s u r e m e n t s ;   c o m p l e x   s e r i a l   b i t   o p e r a t i o n s   and  f l o a t i n g -  

p o i n t   c o n v e r s i o n s ;   and ,   the   g e n e r a t i o n   of  c o n t r o l   p u l s e s  
fo:   t e l e m e t r y   i n t e r f a c e   t a s k s   in  the   t e l e m e t r y   t r a n s m i t t e r -  

r e c e i v e r   u n i t   1 2 .  

A  c o u n t e r   56  c o n s i s t i n g   of  an  8 - b i t   up  c o u n t e r   ( t w o  
4 - b i t   up  c o u n t e r s   c o n n e c t e d   in  s e r i e s )   w i t h   p a r a l l e l   l o a d  

i n p u t   is  used  to  i m p l e m e n t   the  p r o g r a m   c o u n t e r   f u n c t i o n .  

P r o g r a m   c o u n t e r   56  a d d r e s s e s   ROM  57  to  a c c e s s   each  p r o g r a m .  
i n s t r u c t i o n .   When  the  c o n t r o l l e r   e n c o u n t e r s   a  " j u m p "  

i n s t r u c t i o n ,   the   new  p r o g r a m   c o u n t e r   v a l u e   is  l o a d e d   i n t o  

c o u n t e r   56  v i a   the  DO-D3  d a t a   i n p u t   l i n e s   of  the   two  4 - b i t  

c o u n t e r s .  

The  h e a r t   of  the   c o n t r o l l e r   22  i s   an  i n s t r u c t i o n  

d e c o d e r   u n i t   52  w h i c h ,   for   the  p r e s e n t l y   p r e f e r r e d   e m b o d i -  

ment  of  the   i n v e n t i o n ,   is  a  M o t o r o l a   MC-14500   I n d u s t r i a l  

C o n t r o l   U n i t   (ICU)  wh ich   is  d e s c r i b e d   in  d e t a i l   in  t h e  

p u b l i c a t i o n   " M o t o r o l a   MC-14500B  I n d u s t r i a l   C o n t r o l   U n i t  



H a n d b o o k , "   a u t h o r e d   by  Vern  G r e g o r y   and  B r i a n   D e l l a n d e   a n d  

p u b l i s h e d   in  1977  by  M o t o r o l a ,   I n c .   The  ICU  52  r e c o g n i z e s  

a  s e t   of  on ly   16  i n s t r u c t i o n s .  

A  p r o g r a m   is  s t o r e d   in  ROM  57  in  the   form  of  a l t e r -  

n a t e   i n s t r u c t i o n s   and  a d d r e s s   words   wh ich   a re   o u t p u t   o n  
the   c o n t r o l l e r   d a t a   bus  65.  T h i s   i n t e r l e a v e d   s t r u c t u r e  

a l l o w s   fo r   h i g h e r   o p e r a t i n g   s p e e d   and  a  r e d u c t i o n   in  t h e  

number   of  i n t e r c o n n e c t i o n   w i r e s .   The  f i r s t   4 - b i t   n i b b l e  

of  each   8 - b i t   i n s t r u c t i o n   word  is  a c c e p t e d   by  the  ICU  5 2 ,  

and  the   s e c o n d   n i b b l e   forms  an  a d d r e s s   to  a  o n e - o f - 1 6  

d e c o d e r   u n i t   64  to  g e n e r a t e   a  p u l s e   on  one  of  16  o u t p u t  

l i n e s .   The  s u c c e e d i n g   a d d r e s s   word  in  each  p r o g r a m  
i n s t r u c t i o n   is  used   to  d e f i n e   an  i n p u t   or  o u t p u t   p o r t  

t h r o u g h   which   the   c o n t r o l l e r   c o m m u n i c a t e s   w i th   an  e x -  

t e r n a l   c i r c u i t .   T a b l e   1  below  i l l u s t r a t e s   the  p r o g r a m  

i n s t r u c t i o n   s t o r a g e   f o r   the  ROM  5 7 .  

A  " r e a d "   or  " w r i t e "   i n s t r u c t i o n   a l l o w s   the  ICU  52  t o  

o b t a i n   one  b i n a r y   b i t   t h r o u g h   the   i n p u t   m u l t i p l e x e r   60  o r  



to  l oad   one  b i n a r y   b i t   in  an  o u t p u t   r e g i s t e r   v i a   a d d r e s s -  

a b l e   l a t c h e s   62  a n d . d e c o d e r   64.  P r o g r a m m a b l e   t ime  d e l a y s  

a re   g e n e r a t e d   by  c o n t r o l l e r   22  by  l o a d i n g   a  1 6 - b i t   down 

c o u n t e r   58  w i t h   two  8 - b i t   d a t a   w o r d s .   C o u n t e r   58  c o n s i s t s  

of  two  8 - b i t   down  c o u n t e r s   c o n n e c t e d   in  s e r i e s ,   c o u n t e r   A 

and  c o u n t e r   B.  The  p e r i o d   can  be  s e t   f rom  2,0  to  216  m a j o r  

c l o c k   c y c l e s ,   c o r r e s p o n d i n g   to  a  r a n g e   of  3 .2   m i c r o s e c o n d s  

to  209  m i l l i s e c o n d s   w i t h   an  i n p u t   c l o c k   of  2 .5   MHz.  One 

i n s t r u c t i o n   t h a t   is  p a r t i c u l a r l y   u s e f u l   in  t he   c o n t r o l l e r  
22  a l l o w s   f o r   an  e x t e r n a l   c i r c u i t   ( s u c h   as  a  c o u n t e r )   t o  

c o n t r o l   t he   d a t a   bus  and  t h e r e b y   to  load   a  new  number  i n t o  

the  p r o g r a m   c o u n t e r ,   g i v i n g   a  " v e c t o r e d   j u m p . "   This   i s  

e q u i v a l e n t   to  an  i n t e r r u p t   in  the   n o r m a l   o p e r a t i o n   of  t h e  

s t o r e d   p r o g r a m .  

R e f e r r i n g   now  to  FIG.  7  w h i c h   i l l u s t r a t e s   the  p r o -  

gram  f l o w   d i a g r a m   to  g e n e r a t e   a  s p e c i f i e d   t ime   d e l a y   T  by 

c o n t r o l l e r   22,  the  c o u n t   n u m b e r ,   C,  r e p r e s e n t i n g   t h e  

number   of  c l o c k   c y c l e s   to  be  c o u n t e d   by  down  c o u n t e r   5b 

must   be  s e p a r a t e d   i n t o   two  b y t e s   d e s t i n e d   f o r   each  h a l f   o f  

the   c o u n t e r   58.  C o u n t e r   A  h a n d l e s   the  most   s i g n i f i c a n t  

b y t e   and  c o u n t e r   B  (which   must   be  l o a d e d   f i r s t )   the  l e a s t  

s i g n i f i c a n t .   The  o u t p u t   from  the   c o u n t e r s   is  a  z e r o  
d e t e c t   b i t   ZD  which   is  fed  back  to  the   X1  i n p u t   of  m u l t i -  

p l e x e r   60.  The  ze ro   d e t e c t   b i t   is  o b t a i n e d   from  c o u n t e r   A 

(mos t   s i g n i f i c a n t   b y t e ) .   To  o b t a i n   the   c o r r e c t   c o u n t ,  
t h i s   b i t   must   go  low  ( i n d i c a t i n g   t h a t   c o u n t e r   A  is  e m p t y )  
and  t h e n   go  h igh   ( i n d i c a t i n g   t h a t   b o t h   c o u n t e r s   A  and  B 

a re   e m p t y ) .   Both  s t a t e s   must   be  d e t e c t e d   to  d e f i n e   t h e  

i n s t a n t   of  the   r i s i n g   t r a n s i t i o n   or  the   p o i n t   at  w h i c h  

b o t h   c o u n t e r s   are   at  z e r o .   The  f o l l o w i n g   is  an  example   o f  

the   p r o g r a m m i n g   of  ROM  57  to  g e n e r a t e   a  t ime   d e l a y   of  80 

m i l l i s e c o n d s   w i th   a  2 .5   MHz  s y s t e m   c l o c k   a c c o r d i n g   to  t h e  

f low  d i a g r a m   of  FIG.  7:  F i r s t ,   t he   c o u n t e r   58  must  be  

l o a d e d   w i t h   the   number  of  c l o c k   c y c l e s   to  be  c o u n t e d .  



The  z e r o   d e t e c t   b i t   ZD  must   now  be  l o a d e d   and  t e s t e d .  

T h i s   u s e s   the  ICU  i n s t r u c t i o n s   " l o a d   I/O  bus  i n t o   r e s u l t  

r e g i s t e r   (RR)"  and  " s k i p   i f   RR  is   z e r o " ,   i f   not   " l o o p  
b a c k . "   The  ZD  i n f o r m a t i o n   is  a v a i l a b l e   on  i n p u t   p o r t   1 

w i t h   an  a d d r e s s   of  01  and  the   i n s t r u c t i o n   code  " 1 " .  

Tne  m a c h i n e   w i l l   s i t   in  t h i s   l o o p   u n t i l   the   c o u n t e r s  

r e a c h   z e r o ,   at   which  t ime  the   i n s t r u c t i o n   at  l o c a t i o n   24 

is  s k i p p e d   and  the  r o u t i n e   is  c o n t i n u e d .   Nex t ,   the  z e r o  

d e t e c t   b i t   is  t e s t e d   u n t i l   i t   g o e s   h igh   u s i n g   the  same 

o p e r a t i o n   as  d e s c r i b e d   above   e x c e p t   t h a t   the   c o m p l e m e n t  

of  the   z e r o   d e t e c t   b i t   is  l o a d e d :  



When  the   ZD  b i t   of  c o u n t e r   A  a g a i n   r e t u r n   to  a  l o g i c  

h i g h ,   b o t h   c o u n t e r s   w i l l   t h e n   be  a t   z e r o   and  the   d e s i r e d  

t ime   i n t e r v a l   w i l l   have  been  g e n e r a t e d   and  the   p r o g r a m  
w i l l   jump  ou t   of  the   loop  to  the   n e x t   i n s t r u c t i o n   f o l l o w -  

ing  l o c a t i o n   2 7 .  

I l l u s t r a t e d   in  FIG.  8  is  the   f i r m w a r e   p r o g r a m   f l o w  

d i a g r a m   f o r   the   p r e f e r r e d   e m b o d i m e n t   of  t he   p r e s e n t   i n v e n -  
t i o n .   Shown  at  v a r i o u s   p o i n t s   of  the   d i a g r a m   are   " t i m e  

ou t "   b l o c k s   which   r e p r e s e n t   a  v a r i a b l e   t ime  d e l a y   g e n e r -  
a t e d   in  the  same  manner   as  the   above   d e s c r i b e d   e x a m p l e .  

The  W a v e f o r m   G e n e r a t o r   26 

As  p r e v i o u s l y   d i s c u s s e d   w i t h   r e f e r e n c e   to  FIG.  2 ,  

the   d i g i t a l   w a v e f o r m   g e n e r a t o r   26  p r o d u c e s   a  s t a i r - s t e p  

a p p r o x i m a t i o n   to  a  s i n u s o i d a l   w a v e f o r m .   T h i s   waveform  i s  

t h e n   f i l t e r e d   by  a  low  p a s s   f i l t e r   86  and  a m p l i f i e d   in  a 

power   a m p l i f i e r   88  to  p r o d u c e   a  low  d i s t o r t i o n ,   h i g h l y  

s t a b l e   s i n u s o i d a l   t r a n s m i t t e r   s i g n a l   t h a t   is   a p p l i e d   to  t h e  

t r a n s m i t t e r   c o i l   34.  The  f r e q u e n c y   of  t he   t r a n s m i t t e r  

s i g n a l   is  s e l e c t a b l e   from  among  a  p l u r a l i t y   of  t r a n s m i t t e r  

f r e q u e n c i e s ,   e . g . ,   10KHz,  20  KHz,  40  KHz,  wh ich   w a v e r o r m  

g e n e r a t o r   26  is  c a p a b l e   of  g e n e r a t i n g .  



A  low  d i s t o r t i o n   t r a n s m i t t e r   s i g n a l   is  d e s i r a b l e  

b e c a u s e ,   as  w i l l   be  s e e n   b e l o w ,   the  a m p l i t u d e   r e s p o n s e  

of  the  r e c e i v e r   c o i l   i n c r e a s e s   as  the   s q u a r e   of  the  t r a n s -  

m i t t e r   f r e q u e n c y .   A c c o r d i n g l y ,   the   h i g h e r   the  h a r m o n i c  

c o n t e n t ,   t he   g r e a t e r   t h e   d i s t o r t i o n   w i l l   be  in  the  r e c e i v e d  

s i g n a l .  

I l l u s t r a t e d   in  FIG.  3  is  a  v e c t o r   d i a g r a m   s h o w i n g  
the  p h a s e   r e l a t i o n s h i p   b e t w e e n   the  t r a n s m i t t e r   c u r r e n t   i  
and  the  v o l t a g e   t h a t   is  i n d u c e d   i n t o   the  f o r m a t i o n   a n d  

the  v o l t a g e   t h a t   is  i n d u c e d   i n t o   the  r e c e i v e r   c o i l   36  f o r  

v a r i o u s   t r a n s m i t t e r   f r e q u e n c i e s .   I t   has  been  a p p r e c i a t e d  
f o r   some  t ime   by  t h o s e   s k i l l e d   in  the  a r t   t h a t   i m p r o v e d  

m e a s u r e m e n t s   in  the  r e s i s t i v i t y   of  a  h igh   c o n d u c t i v i t y  

f o r m a t i o n   ( w h e r e   s k i n - e f f e c t   p h e n o m e n o n   s i g n i f i c a n t l y  
e f f e c t s   the  r e s p o n s e )   would   be  a c h i e v e d   at  lower   t r a n s -  
m i t t e r   f r e q u e n c i e s   (on  the  o r d e r   of  10  KHz)  w h i l e   an  

i m p r o v e d   m e a s u r e m e n t   of  low  c o n d u c t i v i t y   f o r m a t i o n s   ( w h e r e  

s k i n - e f f e c t   does   not  s i g n i f i c a n t l y   e f f e c t   the  r e s p o n s e )  

can  be  i m p r o v e d   by  r a i s i n g   the  f r e q u e n c y   (on  the  o r d e r   o f  

40  KHz)  b e c a u s e   the   a m p l i t u d e   r e s p o n s e   of  the   r e c e i v e r  

s i g n a l ,   or  s e n s i t i v i t y ,   of  an  i n d u c t i o n   t o o l   v a r i e s   as  t h e  

s q u a r e   of  t h e  f r e q u e n c y   of  the  t r a n s m i t t e r   c u r r e n t .   As 

used  h e r e i n ,   " s e n s i t i v i t y "   is  d e f i n e d   to  be  the  r e c e i v e r  

c o i l   36  v o l t a g e   d i v i d e d   by  the   t r a n s m i t t e r   c o i l   c u r r e n t   a t  

a  g i v e n   f o r m a t i o n   c o n d u c t i v i t y   and  f r e q u e n c y ,   e . g . ,   10 

uv/A  at   1  mmho  and  20  KHz.  B e c a u s e   of  t h i s   i n c r e a s e   i n  

r e c e i v e r   s i g n a l   w i t h   i n c r e a s e d   f r e q u e n c y ,   the  need  f o r   l o w  

h a r m o n i c   c o n t e n t   in  t he   t r a n s m i t t e r   s i g n a l   is  e a s i l y  

r e c o g n i z a b l e   in  o r d e r   to  m i n i m i z e   d i s t o r t i o n   in  t h e  

r e c e i v e r   s i g n a l   Vr..  A  f u r t h e r   need  f o r   low  d i s t o r t i o n  
r e s u l t s   from  t he   f a c t   t h a t   the  h a r m o n i c s   of  the  f u n d a -  

m e n t a l   f r e q u e n c y   t r a n s m i t t e d   p r o p o g a t e   t h r o u g h   the  f o r m a -  

t i o n   w i t h   an  a t t e n u a t i o n   and  p h a s e   s h i f t   not  r e l a t e d   t o  



t h o s e   of  t h e   f u n d a m e n t a l   f r e q u e n c y .   They  can  t h u s   i n t r o -  

duce  f a l s e   s i g n a l s   i n t o   the   r e c e i v e r   t h a t   may  c a u s e   a 

m i s l e a d i n g   r e s u l t   to  be  o b t a i n e d   from  the   i n d u c t i o n  

t o o l   m e a s u r e m e n t .  

In  a d d i t i o n   to  d i g i t a l l y   g e n e r a t i n g   the   low  d i s t o r -  

t i o n ,   p h a s e   s t a b l e   t r a n s m i t t e r   s i g n a l   on  l e a d   28,  t h e  

d i g i t a l   w a v e f o r m   g e n e r a t o r   26  a l s o   p r o d u c e s   a  r e f e r e n c e  

c l o c k   s i g n a l   on  l e a d   50  t h a t   is  a p p l i e d   to  t he   a u t o p h a s e  

u n i t   32.  The  c l o c k   on  l e a d   50  is  used   by  a u t o p h a s e   u n i t  

32  to  g e n e r a t e   t he   p h a s e   r e f e r e n c e   s i g n a l   on  l e a d   42  t o  

phase   s e n s i t i v e   d e t e c t o r   40  to  d e t e c t   the   d e s i r e d   p h a s e  

c o m p o n e n t s   of  t he   r e c e i v e   s i g n a l   on  l ead   37.  A d d i t i o n -  

a l l y ,   the   p h a s e   r e f e r e n c e   c l o c k   on  l ead   50  i s   g e n e r a t e d  
wi th   a  p h a s e   s h i f t   r e l a t i v e   to  the   g e n e r a t e d   t r a n s m i t  

s i g n a l   on  l e a d   28  ( s e e   FIG.  10)  so  t h a t   the  s t a t i c   s o n d e  

phase   s h i f t   e r r o r s ,   as  p r e v i o u s l y   d e f i n e d ,   a r e   c o m p e n s a t e d  

f o r .   In  o t h e r   w o r d s ,   by  p h a s e   s h i f t i n g   the  c l o c k   on  l e a d  

50,  the  d e t e c t e d   p h a s e   c o m p o n e n t   s i g n a l   on  l e a d   41  w i l l  

not  c o n t a i n   s t a t i c   p h a s e   s h i f t   e r r o r s   i n t r o d u c e d   by  t h e  

c i r c u i t s   i n v o l v e d   in  the  g e n e r a t i o n   of  the   t r a n s m i t t e r  

s i g n a l   and  in  the   d e t e c t i o n   of  the   phase   c o m p o n e n t   s i g n a l s  

in  the  r e c e i v e r   s i g n a l   Vr  on  l e a d   3 7 .  

The  d e s c r i p t i o n   of  t he   me thod   by  which   the   d i g i t a l  

waveform  g e n e r a t o r   26  p r o d u c e s   the   low  d i s t o r t i o n ,   h i g h l y  

phase   s t a b l e   t r a n s m i t t e r   s i g n a l   and  the  p h a s e   s h i f t e d  

r e f e r e n c e   c l o c k   s i g n a l   on  l e a d   50  can  b e s t   be  u n d e r s t o o d  

by  r e f e r r i n g   now  to  FIG.  9.  FIG.  9  shows  a  d e t a i l e d   c i r -  

c u i t   d i a g r a m   of  the   d i g i t a l   w a v e f o r m   g e n e r a t o r   26.  A l s o  

i l l u s t r a t e d   is   the   c i r c u i t   fo r   the   c r y s t a l   c o n t r o l l e d .  

c l o c k   24  shown  in  FIG.  2.  The  o u t p u t   of  c l o c k   24  i s  

a p p l i e d   to  a  1 2 - b i t   b i n a r y   c o u n t e r   66.  C o u n t e r   66  f u n c -  

t i o n s   b o t h   as  the   ROM  7 0 , 7 2   a d d r e s s   g e n e r a t o r ,   and  as  a 

c l o c k   s i g n a l   g e n e r a t o r   to  the  c o n t r o l l e r   22  ( 2 .5   MHz)  a n d  

to  a u t o p h a s e   u n i t   32  (SAR  CLOCK). 



G e n e r a t i o n   of  t he   d i g i t a l   s t a i r - s t e p   a p p r o x i m a t i o n  

w a v e f o r m   on  l e a d   27  and  the  g e n e r a t i o n   of  t h e   r e f e r e n c e  

c l o c k   s i g n a l   on  l e a d   50  are   s p e c i f i e d   by  d i g i t a l   c o d e  

words   s t o r e d   in  ROM  memory  c h i p s   7 0 , 7 2 .   T h e s e   two  memory  
c h i p s   form  a  512  x  1 6 - b i t   ROM.  The  o u t p u t   from  the  1 2 - b i t  

b i n a r y   c o u n t e r   66  is  used  to  a d d r e s s   ROM  7 0 , 7 2   to  o u t p u t  
t h e s e   s t o r e d   d i g i t a l   code  words .   A  s e t   of  e x c l u s i v e   OR 

g a t e s   76  r e s p o n d   to  t he   o u t p u t   from  ROM  7 0 , 7 2   to  g e n e r a t e  
d i g i t a l   c o d e s   t h a t   r e p r e s e n t   m a g n i t u d e   v a l u e s   of  t h e  

t r a n s m i t t e r   s i g n a l   to  be  g e n e r a t e d .   T h e s e   d i g i t a l   c o d e  

words   a r e   a p p l i e d   to  a  d i g i t a l - t o - a n a l o g   c o n v e r t o r   79 

c o n t a i n i n g   i n p u t   l a t c h e s   78 ,80   t h a t   s t o r e ,   f o r   one  c l o c k  

c y c l e ,   t he   m a g n i t u d e   code  w o r d s .   An  R-2R  p r e c i s i o n  

r e s i s t o r   n e t w o r k   82  r e s p o n d s   to  the  o u t p u t   from  l a t c h e s  

7 8 , 8 0   to   g e n e r a t e   an  a n a l o g   v o l t a g e   a c c o r d i n g   to  e a c h  

s t o r e d   d i g i t a l   code  w o r d .   O p e r a t i o n a l   a m p l i f i e r   84 

r e s p o n d s   to  t he   o u t p u t   c u r r e n t   of  the   p r e c i s i o n   r e s i s t o r  

n e t w o r k   82  to  g e n e r a t e   an  o u t p u t   a n a l o g   v o l t a g e .   As  t h e  

a d d r e s s   c o u n t e r   66  c y c l e s   t h r o u g h   i t s   a d d r e s s e s ,   t h e  

s t a i r - s t e p   w a v e f o r m   on  l ead   27  (see  a l s o   FIG.  10)  i s  

p r o d u c e d   on  the   o u t p u t   of  the   d i g i t a l - t o - a n a l o g   c o n v e r t o r  

79.  T h i s   s i g n a l   is  f i l t e r e d   in  low  p a s s   f i l t e r   86  a n d  

a m p l i f i e d   in  power   a m p l i f i e r   88.  The  o u t p u t   from  p o w e r  

a m p l i f i e r   88  c o m p r i s e s   the  a n a l o g   s i n u s o i d a l   t r a n s m i t t e r  

s i g n a l   on  l e a d   28  t h a t   is  a p p l i e d   to  the   t r a n s m i t t e r   c o i l  

34  to   p r o d u c e   the   t r a n s m i t t e r   c u r r e n t   i T .  

In  a d d i t i o n   to  t he   m a g n i t u d e   code  words   o u t p u t   f r o m  

ROM  7 0 , 7 2 ,   the   ROM  a l s o   o u t p u t s   d a t a   to  g e n e r a t e   t h e  

r e f e r e n c e   c l o c k   s i g n a l   on  l ead   50.  By  a p p r o p r i a t e l y  

s e l e c t i n g   the   memory  a d d r e s s   l o c a t i o n s   i n t o   which   t h e .  

r e f e r e n c e   c l o c k   s i g n a l   g e n e r a t i n g   d a t a   is  s t o r e d   r e l a t i v e  

to  the   s t o r e d   m a g n i t u d e   code  words  f o r   the   d i g i t a l   s t a i r -  

s t e p   a p p r o x i m a t i o n   w a v e f o r m ,   i t   is  p o s s i b l e   to  p r o d u c e   a 



r e f e r e n c e   c l o c k   s i g n a l   on  l e a d   50  t h a t   i s   p h a s e   s h i f t e d   a 

p r e d e t e r m i n e d   a m o u n t   r e l a t i v e   to  t h e   r e s u l t i n g   s i n u s o i d a l  

t r a n s m i t   s i g n a l   on  l e a d   28.  By  k n o w i n g   t h e   amount   o f  

s t a t i c   p h a s e   s h i f t   e r r o r   t h a t   is  to  be  c o m p e n s a t e d   f o r ,  

t h e   ROM  7 0 , 7 2   can  be  a p p r o p r i a t e l y   p r o g r a m m e d .  

As  p r e v i o u s l y   m e n t i o n e d ,   d i g i t a l   w a v e f o r m   g e n e r a t o r  
26  i l l u s t r a t e d   in  FIG.  9  f u r t h e r   i n c l u d e s   t he   c a p a b i l i t y  

of  g e n e r a t i n g   a  t r a n s m i t t e r   s i g n a l   28  h a v i n g   a  f r e q u e n c y  

s e l e c t e d   f rom  among  a  p l u r a l i t y   of  p r e d e t e r m i n e d   f r e q u e n -  

c i e s .   Hex  l a t c h   68  is   shown  in  FIG.  9  r e s p o n d i n g   to  t h e  

command  bus  i n p u t s   from  the   t e l e m e t r y   t r a n s m i t t e r - r e c e i v e r  

u n i t   12.  Commands  t r a n s m i t t e d   from  t h e   CPU  10  l o c a t e d   o n  

t he   s u r f a c e   c a u s e   c e r t a i n   b i t s   on  the  o u t p u t   of  l a t c h   68 

to  c o n t r o l   two  b i t s   of  a d d r e s s i n g   f o r   t he   ROM  7 0 , 7 2 .  

T h e s e   two  b i t s   of  a d d r e s s   c o n t r o l   w i l l   d e t e r m i n e   t h e  

f r e q u e n c y   of  the   t r a n s m i t t e r   s i g n a l   on  l e a d   28.  When 

the   c o n d u c t i v i t y   r a n g e   of  the   f o r m a t i o n s   in  a  p a r t i c u l a r  

l o c a t i o n   is  a p p r o x i m a t e l y   known,  the   o p e r a t o r   can  m a n u a l l y  

s e l e c t   from  among  the   p l u r a l i t y   of  p o s s i b l e   t r a n s m i t t e r  

f r e q u e n c i e s   the   t r a n s m i t t e r   f r e q u e n c y   t h a t   w i l l   g ive   t h e  

b e s t   a c c u r a c y .  

In  t h i s   r e g a r d ,   FIG.  14  i l l u s t r a t e s   t he   r e l a t i o n s h i p  

b e t w e e n   r e c e i v e r   s i g n a l   and  f o r m a t i o n   c o n d u c t i v i t y   f o r  

v a r i o u s   t r a n s m i t t e r   f r e q u e n c i e s .   As  p r e v i o u s l y   d i s c u s s e d ,  

a t   the   l o w e r   t r a n s m i t t e r   f r e q u e n c i e s   and  a t   low  c o n d u c t i v i -  

t i e s ,   the  r e s p o n s e   from  the   f o r m a t i o n   f a l l s   below  the  n o i s e  

l e v e l   of  the   i n d u c t i o n   l o g g i n g   s y s t e m ,   m a k i n g   m e a n i n g f u l  

m e a s u r e m e n t s   i m p o s s i b l e .   Thus ,   when  e n c o u n t e r i n g   low 

c o n d u c t i v i t i e s ,   a  h igh   f r e q u e n c y   is  mos t   d e s i r a b l e .   As 

shown  i n  F I G .   14,  at  h igh   c o n d u c t i v i t i e s ,   a  lower   f r e -  

q u e n c y   is   mos t   d e s i r a b l e   b e c a u s e   of  t he   s l o p i n g   away  o f  

the   r e s p o n s e   s i g n a l   at  the   h i g h e r   t r a n s m i t t e r   f r e q u e n c i e s .  



In  a d d i t i o n   to   t he   manua l   s e l e c t i o n   of  the   t r a n s m i t t e r  

f r e q u e n c y ,   t he   CPU  10  can  a u t o m a t i c a l l y   s e l e c t   the  t r a n s -  

m i t t e r   f r e q u e n c y   w h i c h   w i l l   g ive   the   b e s t   m e a s u r e m e n t   b a s e d  

on  such   p a r a m e t e r s   as  the   a c t u a l   c o n d u c t i v i t y   be ing   m e a -  .  

s u r e d .   For  e x a m p l e ,   t he   f o l l o w i n g   T a b l e   2  i l l u s t r a t e s   a 

c o n d u c t i v i t y - f r e q u e n c y   s c h e d u l e   which   is   a d v a n t a g e o u s   f o r  

s e l e c t i n g   f r e q u e n c i e s   a c c o r d i n g   to  t he   i n v e n t i o n :  

Thus ,   fo r   h igh   c o n d u c t i v i t y   a  low  t r a n s m i t t e r   f r e -  

q u e n c y   (10  KHz)  c o u l d   be  s e l e c t e d   to  t a k e   a d v a n t a g e   o f  

the  g r e a t e r   l i n e a r i t y   of  r e s p o n s e   to  h i g h   c o n d u c t i v i t y  

f o r m a t i o n s ,   and  v i c e   v e r s a   (40  KHz)  when  e n c o u n t e r i n g   l o w  

c o n d u c t i v i t y .   In  a  t h i r d   v e r s i o n ,   the   w a v e f o r m   g e n e r a t o r  
is  p r o g r a m m e d   to  p r o d u c e   a  wave fo rm  c o n s i s t i n g   of  two 

d i f f e r e n t   s u p e r i m p o s e d   s i n u s o i d a l   f r e q u e n c i e s .   T h i s  

a l l o w s   f o r   s i m u l t a n e o u s   m u l t i - f r e q u e n c y   l o g g i n g .   For  s u c h  

a  c a s e ,   in  o r d e r   to  d e t e c t   the   f o r m a t i o n   r e s p o n s e   to  e a c h  

t r a n s m i t t e r   f r e q u e n c y   a c c o r d i n g   to  the   p r e s e n t   i n v e n t i o n ,  

the   p h a s e   s h i f t i n g   f e a t u r e   of  w a v e f o r m   g e n e r a t o r   2 6 ,  

a u t o p h a s e   u n i t   32  and  the   p h a s e   s e n s i n g   means  43  must  b e  

d u p l i c a t e d ,   one  c o m b i n a t i o n   fo r   each  f r e q u e n c y .  

The  p r e s e n t   i n v e n t i o n   i n c l u d e s   a  means  in  the  w a v e -  

form  g e n e r a t o r   26  to  g e n e r a t e   a n y  o n e   of  a  p l u r a l i t y   o f  

t r a n s m i t t e r   f r e q u e n c i e s   or  a  c o m b i n a t i o n   of  two  or  m o r e  



f r e q u e n c i e s   in  r e s p o n s e   to  d i g i t a l   commands  from  the   CPU 
10.  As  shown  in  FIG.  3,  t he   t h r e e   f r e q u e n c i e s   i l l u s t r a t e d  

f o r   the   t r a n s m i t t e r   s i g n a l   f o r   t he   p r e s e n t l y   p r e f e r r e d  
e m b o d i m e n t   of  the   i n v e n t i o n   a r e   10  KHz,  20  KHz  and  40  KHz.  

In  o r d e r   to  p r o d u c e   t h e s e   f r e q u e n c i e s ,   w i t h   each  h a v i n g  
the  same  a m p l i t u d e   and  w i t h   e a c h   g e n e r a t e d   from  the   s a m e  

s e q u e n c e   and  r a t e   of  a d d r e s s e s   from  a d d r e s s   c o u n t e r   6 6 ,  

ROM  7 0 , 7 2   has  been  s p e c i a l l y   p r o g r a m m e d   f o r   each  f r e q u e n c y .  

For  a  s p e c i f i c   s e q u e n c e   of  memory  a d d r e s s e s ,   ROM  7 0 , 7 2  

g e n e r a t e s   o n e - h a l f   of  a  c y c l e   of  t he   10  KHz  f r e q u e n c y ,   o n e  

c o m p l e t e   c y c l e   of  the   20  KHz  f r e q u e n c y   and  two  c o m p l e t e  

c y c l e s   of  the   40  KHz  f r e q u e n c y .   T h i s   s p e c i f i c   s e q u e n c e  

i n c l u d e s   the   s e q u e n c e   t h r o u g h   the   p o s s i b l e   memory  a d d r e s s e s  

fo rmed   by  the   s e v e n   l o w e r  o r d e r   b i t s ,   AO-A7,  of  the  9 - b i t  

a d d r e s s   fo r   the  ROM  7 0 , 7 2 .  

The  two  r e m a i n i n g   h i g h e r   o r d e r   b i t s   of  the   9 - b i t  

a d d r e s s ,   A7-A8,   a re   p r o d u c e d   f rom  the   o u t p u t   of  l a t c h   6 8 .  

T h e s e   two  b i t s   r e p r e s e n t   the  f r e q u e n c y   s e l e c t   b i t s ,   FO 
and  F1.  T h e s e   two  b i t s   s p e c i f y   one  of  t h r e e   a d d r e s s  

s e c t i o n s   of  the   a d d r e s s   s p a c e   f o r   the   ROM  7 0 , 7 2 .   As 

p r e v i o u s l y   d i s c u s s e d ,   c o n t a i n e d   in  t h i s   a d d r e s s   s p a c e   a r e  
b o t h   d i g i t a l   m a g n i t u d e   code  words   f o r   g e n e r a t i n g   the   t h r e e  

p o s s i b l e   f r e q u e n c i e s   and  r e f e r e n c e   c l o c k   g e n e r a t i n g   d a t a .  

If  a  10  KHz  f r e q u e n c y   is  to  be  p r o d u c e d ,   b o t h   Fa  and  F1 
w i l l   be  in  a  l o g i c   0  s t a t e ,   t h u s   s e l e c t i n g   the  l o w e r  

ROM  memory  l o c a t i o n s .   S t o r e d   in  t h i s   ROM  memory  a d d r e s s  

s p a c e   is  the   g e n e r a t i n g   d a t a   to  p r o d u c e   the   o n e - h a l f   o f  

a  c y c l e   of  the   10  KHz  f r e q u e n c y .   The  n e x t   h i g h e r   o r d e r  

a d d r e s s   b i t   from  the   a d d r e s s   c o u n t e r   66,  Q8,  is  used  t o  

c o n t r o l   one  i n p u t   of  e x c l u s i v e   OR  g a t e s   76  to  cause   t h e  

d i g i t a l   m a g n i t u d e   code  words   p r o d u c e d   on  the  o u t p u t   of  t h e  

ROM  to  be  c o m p l e m e n t e d .   In  t h i s   m a n n e r ,   the  s econd   h a l f  

c y c l e   or  n e g a t i v e   h a l f   c y c l e   f o r   the   10  KHz  f r e q u e n c y   c a n  

be  p r o d u c e d   from  the   same  m a g n i t u d e   v a l u e s   t h a t   were  o u t p u t  



f rom  t he   ROM  7 0 , 7 2   to  p r o d u c e   the   f i r s t   h a l f   c y c l e .  

H o w e v e r ,   t h i s   t e c h n i q u e   is  not   a p p l i e d   when  the  20  KHz 

or  t he   40  KHz  f r e q u e n c i e s   a re   s e l e c t e d .  

In  t h e   a d d r e s s   s p a c e s   of  t he   ROM  7 0 , 7 2   f o r   t h e s e   t w o  

h i g h e r   f r e q u e n c i e s ,   s p e c i f i e d   by  the   l o g i c   s t a t e s   of  Fa 
and  F1,  t h e   m a g n i t u d e   v a l u e s   s t o r e d   t h e r e i n   r e p r e s e n t  

c o m p l e t e   c y c l e s   of  the  s i n u s o i d a l   w a v e f o r m   to  be  p r o d u c e d .  

H o w e v e r ,   f o r   a l l   t h r e e   f r e q u e n c i e s ,   t he   r e f e r e n c e   c l o c k  

s i g n a l   g e n e r a t i n g   d a t a   is  s t o r e d   r e l a t i v e   to  the  m a g n i t u d e  

v a l u e s   in  such   a  way  as  to  p r o d u c e   t he   d e s i r e d   phase   s h i f t  

in  the  c l o c k   s i g n a l   on  l e a d   50  to  c o m p e n s a t e   for   the  p a r -  
t i c u l a r   s t a t i c   p h a s e   s h i f t   e r r o r s   in  the   c o i l s   and  e l e c -  

t r o n i c s   of  t he   t o o l   at  the   r e s p e c t i v e   f r e q u e n c y .  

The  P h a s e   S h i f t   E r r o r   C o m p e n s a t i o n   C i r c u i t s  

R e f e r r i n g   a g a i n   to  FIG.  2,  the   c i r c u i t s   i n v o l v e d   i n  

the   g e n e r a t i o n   of  the  t r a n s m i t t e r   c u r r e n t   iT  and  in  t h e  

d e t e c t i o n   of  the   p h a s e   c o m p o n e n t   s i g n a l s   in  the  r e c e i v e r  

s i g n a l   Vr  can  i n t r o d u c e   p h a s e   s h i f t   e r r o r s   in  t h e  
d e t e c t e d   p h a s e   c o m p o n e n t   v o l t a g e s .   B e c a u s e   the  t r a n s -  

m i t t e r   c o i l   is   not  a  p e r f e c t   i n d u c t o r ,   the   phase   a n g l e  

b e t w e e n   the   t r a n s m i t t e r   c u r r e n t   and  the  i n d u c e d   v o l t a g e  

in  the   f o r m a t i o n s   d i f f e r s   from  the   i d e a l   90°  phase   r e l a -  

t i o n s h i p .   T h i s   d i f f e r e n c e   a m o u n t s   to  a  p h a s e   s h i f t   e r r o r  

t h a t   is  r e f l e c t e d   in  the  m e a s u r e m e n t s   of  t he   phase   c o m p o -  

n e n t   s i g n a l s   i f   l e f t   u n c o r r e c t e d .   A d d i t i o n a l l y ,   p h a s e  

s h i f t   e r r o r s   a re   i n t r o d u c e d   by  the  r e c e i v e r   c o i l   36  and  

the   p h a s e   s e n s i n g   means  43  i n v o l v e d   in  t he   d e t e c t i o n   o f  

the   p h a s e   c o m p o n e n t   s i g n a l s   t h e m s e l v e s .   At  some  s t e a d y  

s t a t e   t e m p e r a t u r e ,   the   p h a s e   s h i f t   e r r o r   b e t w e e n   t h e  

c u r r e n t   iT  and  e i t h e r   the  "R"  or  "X"  p h a s e   c o m p o n e n t  
s i g n a l s   of  t he   r e c e i v e r   s i g n a l   Vr  on  l e a d   37  w i l l   be  

a p p r o x i m a t e l y   c o n s t a n t .   T h i s   c o n s t a n t   p h a s e   s h i f t   e r r o r  



has   been  d e f i n e d   above   as  t h e   s t a t i c   p h a s e   s h i f t   e r r o r .  

M o d u l a t i n g   the   amount   of  t h i s   p h a s e   s h i f t   e r r o r   w i l l   b e  

p h a s e   s h i f t s   i n t r o d u c e d   by  such   t h i n g s   as  t e m p e r a t u r e  

v a r i a t i o n s   in  the  p a s s i v e   and  a c t i v e   c o m p o n e n t   v a l u e s   o f  

t h e   e l e c t r o n i c s   of  t he   p h a s e   s e n s i n g   means   43.  T h e s e  

p h a s e   s h i f t   e r r o r s   a r e   d y n a m i c  i n   n a t u r e   s i n c e   the  i n d u c -  

t i o n   l o g g i n g   t o o l   a c c o r d i n g   to  t he   p r e s e n t   i n v e n t i o n   i s  

o p e r a t e d   in  a  b o r e h o l e   e n v i r o n m e n t   in  w h i c h   the  t e m p e r a -  

t u r e   w i l l   va ry   w i t h   d e p t h .   These   p h a s e   s h i f t   e r r o r s  
have   been  d e f i n e d   above   as  t he   d y n a m i c   or  t e m p e r a t u r e  

d e p e n d e n t   p h a s e   s h i f t   e r r o r s .  

The  l o g g i n g   t o o l   a c c o r d i n g   to  the   i n v e n t i o n   o p e r a t e s  
to  a u t o m a t i c a l l y   c o m p e n s a t e   fo r   b o t h   t he   s t a t i c   p h a s e  

s h i f t   e r r o r s   and  f o r   t he   d y n a m i c a l l y   v a r y i n g   t e m p e r a t u r e  

d e p e n d e n t   phase   s h i f t   e r r o r s .   S t a t i c   p h a s e   s h i f t   e r r o r s  

a r e   c o m p e n s a t e d   f o r   by  p h a s e   s h i f t i n g   the   r e f e r e n c e   c l o c k  

s i g n a l   on  l ead   50  r e l a t i v e   to  the   s i n u s o i d a l   t r a n s m i t t e r  

s i g n a l   on  l ead   28.  A u t o m a t i c   c o m p e n s a t i o n   fo r   the  d y n a m i c  

t e m p e r a t u r e   d e p e n d e n t   p h a s e   s h i f t   e r r o r s   is  a c h i e v e d  

d u r i n g   an  a u t o p h a s e   c y c l e   in  which   a  t e s t   s i g n a l   i s  
d e r i v e d   from  the  t r a n s m i t t e r   c o i l   c u r r e n t   iT  and  i s  

a p p l i e d   as  the  n o r m a l   r e c e i v e r   s i g n a l   to  t he   phase   s e n s i n g  
means   43.  Dur ing   each   a u t o p h a s e   c y c l e ,   the   p h a s e   of  t h e  

p h a s e   r e f e r e n c e   s i g n a l   on  l ead   42  is  s e l e c t e d   to  cause   t h e  

p h a s e   s e n s i n g   means  43  to  d e t e c t   the   o r t h o g o n a l   p h a s e  

c o m p o n e n t   s i g n a l   in  t he   r e c e i v e r   s i g n a l   39  ( t he   "X" 

c o m p o n e n t ) ,   w h i c h ,   in  t h i s   c a s e ,   is  t he   t e s t   s i g n a l   o n  
l e a d   33.  In  o t h e r   w o r d s ,   the   p h a s e   r e f e r e n c e   s i g n a l   on  
l e a d   42  d u r i n g   an  a u t o p h a s e   c y c l e   is  a p p r o x i m a t e l y   9 0 °  

p h a s e   s h i f t e d   r e l a t i v e  t o   the  t e s t   s i g n a l   33  d e r i v e d   f r o m  

t r a n s f o r m e r   3 1 .  



The  f e e d b a c k   e r r o r   v o l t a g e   AUTOφ  on  l e a d   45,  i n d i c a -  

t i v e   of  the   p o l a r i t y   of  the   d e t e c t e d   p h a s e   c o m p o n e n t  
s i g n a l   d u r i n g   the   a u t o p h a s e   c y c l e ,   is   fed  back  to  t h e  

a u t o p h a s e   u n i t   32.  The  s i g n a l   AUTOW  c o n t r o l s   a  c i r c u i t  

means   c o n t a i n e d   w i t h i n   the   a u t o p h a s e   u n i t   32  to  p h a s e  
s h i f t   the   p h a s e   r e f e r e n c e   s i g n a l   o n  l e a d   42  in  a  d i r e c t i o n  
to  r e d u c e   or  c a u s e   the   m a g n i t u d e   of  t h e   d e t e c t e d   p h a s e  

c o m p o n e n t   s i g n a l   d u r i n g   each  a u t o p h a s e   c y c l e   to  a p p r o a c h  

z e r o .   At  the   c o m p l e t i o n   of  each  a u t o p h a s e   c y c l e ,   t h e  

a m o u n t   of  p h a s e   s h i f t   a p p l i e d   to  t he   p h a s e   r e f e r e n c e  

s i g n a l   on  l e a d   42  is   r e t a i n e d   u n t i l   t he   n e x t   a u t o p h a s e  

c y c l e .   In  t h i s   m a n n e r ,   the   t e m p e r a t u r e   d e p e n d e n t   p h a s e  
s h i f t   e r r o r s   can  be  d y n a m i c a l l y   c o m p e n s a t e d   fo r   by 

p e r i o d i c a l l y   a d j u s t i n g   the  p h a s e   of  t he   p h a s e   r e f e r e n c e  

s i g n a l   on  l e a d   42  r e l a t i v e   to  the   t r a n s m i t t e r   c o i l   34 

c u r r e n t   iT.  S i n c e   the   a u t o p h a s e   u n i t   32  g e n e r a t e s   a 
s i n g l e   p h a s e   r e f e r e n c e   s i g n a l   on  l e a d   42  t h a t   s w i t c h e s  

b e t w e e n   two  p h a s e   r e l a t i o n s h i p s   to  t h e   t r a n s m i t   c u r r e n t  

iTt  and  b e c a u s e   the  p h a s e   r e l a t i o n s h i p   b e t w e e n   the  two  
p h a s e   s t a t e s   is  a l w a y s   a  p r e c i s e   9 0 ° ,   i t   is  only  n e c e s -  

s a r y   to  c o m p e n s a t e   f o r   p h a s e   s h i f t   e r r o r s   at  e i t h e r   p h a s e  
s t a t e .   Th is   is  t r u e   b e c a u s e   the  p r e c i s e   90°  phase   s h i f t  
in  the  p h a s e   r e f e r e n c e   s i g n a l   is  a l w a y s   o b t a i n e d   r e g a r d -  
l e s s   of  how  much  the  p h a s e   r e f e r e n c e   s i g n a l   on  lead  42 

is  p h a s e   s h i f t e d   by  the   a u t o p h a s e   u n i t   3 2 .  

FIG.  4  i l l u s t r a t e s   the  p h a s e   a n g l e   r e l a t i o n s h i p  

b e t w e e n   v e c t o r s   of  t he   c u r r e n t   in  t he   t r a n s m i t t e r   c o i l   3 4 ,  

the   t r a n s m i t t e r   v o l t a g e   a p p l i e d   to  t he   c o i l ( s ) ,   and  t h e  

p h a s e   q u a d r a t u r e   c o m p o n e n t   s i g n a l s   in  t he   r e c e i v e r   s i g n a l  

Vr  on  l e a d   37.  The  p h a s e   r e l a t i o n s h i p   i l l u s t r a t e d  

in  FIG.  4  r e p r e s e n t s   a  n o m i n a l   o p e r a t i n g   c o n d i t i o n   fo r   t h e  

i n d u c t i o n   t o o l   of  t he   p r e s e n t   i n v e n t i o n   in  an  a c t u a l  

b o r e h o l e   e n v i r o n m e n t .   That   i s ,   t he   t e m p e r a t u r e   for   t h e  

t o o l   is  at  the  m i d - p o i n t   of  the   e x p e c t e d   t e m p e r a t u r e   r a n g e  



t h a t   the   i n d u c t i o n   t o o l   is   e x p e c t e d   to  e n c o u n t e r .   As  

p r e v i o u s l y   d i s c u s s e d ,   t he   s t a t i c   p h a s e   s h i f t   e r r o r s   a r e  

c o m p e n s a t e d   f o r   by  p h a s e   s h i f t i n g   the  r e f e r e n c e   c l o c k  

s i g n a l   on  l e a d   50  r e l a t i v e   to  the   c u r r e n t  i n   the  t r a n s -  

m i t t e r   c o i l   34.  T h i s   p h a s e   a n g l e   is  i l l u s t r a t e d   in  F I G .  

4  a s  3 .  

A l so   i l l u s t r a t e d   in  FIG.   4  is  the   c o r r e c t i o n   r a n g e  
of  the   a u t o p h a s e   u n i t   32  o v e r   wh ich   a u t o p h a s e   u n i t   32  i s  

a b l e   to  p h a s e   s h i f t   the   p h a s e   r e f e r e n c e   s i g n a l   on  l e a d   42  

d u r i n g   each  a u t o p h a s e   c y c l e .   The  a u t o p h a s e   u n i t   32  i s  

a b l e   to  p h a s e   s h i f t   the   p h a s e   r e f e r e n c e   s i g n a l   on  l e a d   4 2 ,  

r e g a r d l e s s   of  i t s   p h a s e   s t a t e ,   w i t h i n   t h i s   c o r r e c t i o n  

r a n g e   to  c o m p e n s a t e   f o r   t he   d y n a m i c   p h a s e   s h i f t   e r r o r s .  

Thus ,   t he   "R"  p h a s e   c o m p o n e n t   s i g n a l   of  the   r e c e i v e r  

s i g n a l   37  can  be  d e t e c t e d   w i t h   a  f i r s t   p h a s e   r e f e r e n c e  

s i g n a l   on  l e a d   42,  and  the   "X"  p h a s e   c o m p o n e n t   s i g n a l   c a n  

be  s u b s e q u e n t l y   d e t e c t e d   w i t h   a  s e c o n d   p h a s e   r e f e r e n c e  

s i g n a l   on  l e a d   42  t h a t   is  o r t h o g o n a l   ( 90° )   to  the  f i r s t .  

The  p h a s e   d i f f e r e n c e   s t o r e d   in  wave fo rm  g e n e r a t o r   26 

is  f u r t h e r   i l l u s t r a t e d   as  a  f u n c t i o n   of  t ime  in  FIG.  1 0 .  

FIG.  10  shows  a  t i m i n g   d i a g r a m   fo r   the  r e f e r e n c e   c l o c k  

s i g n a l   on  l e a d   50  and  the  p h a s e   r e f e r e n c e   s i g n a l   on  l e a d  

42  drawn  r e l a t i v e   to  the  t r a n s m i t t e r   s i g n a l   v o l t a g e  

w a v e f o r m   t h a t   is  a p p l i e d   a c r o s s   the  t r a n s m i t t e r   c o i l   3 4 .  

For  the  p r e s e n t l y   p r e f e r r e d   e m b o d i m e n t ,   one  c y c l e   of  t h e  

10  KHz  t r a n s m i t   s i g n a l   f r e q u e n c y   is  g e n e r a t e d   in  2 5 6  

i n c r e m e n t s   ( t h i s   of  c o u r s e   d e p e n d s   upon  the   f r e q u e n c y  

s e l e c t e d ,   i . e . ,   128  f o r   20  KHz,  64  fo r   40  K H z ) .  

R e f e r r i n g   now  to  FIG.  10,  the   r e f e r e n c e   c l o c k   s i g n a l  
on  l e a d   50  t h a t   is  o u t p u t t e d   by  the   d i g i t a l   w a v e f o r m  

g e n e r a t o r   26  is  shown  p h a s e   s h i f t e d   by  an  a n g l e   o f  & 3 .  
The  p h a s e   r e f e r e n c e   s i g n a l   on  l ead   42  is  shown  fo r   b o t h  



the   R  and  X  p h a s e   r e l a t i o n s h i p s   w i t h   the  t r a n s m i t t e r  

s i g n a l .   Both   t he   R  and  X  p h a s e   r e l a t i o n s h i p   w a v e f o r m s  

f o r   t he   p h a s e   r e f e r e n c e   s i g n a l   a re   shown  drawn  as  t w o  

s e p a r a t e   s i g n a l s ,   but   in  f a c t ,   t h e r e   is  on ly   one  p h a s e  

r e f e r e n c e   s i g n a l   42  h a v i n g   one  or  the   o t h e r   p h a s e   r e l a -  

t i o n s h i p   i l l u s t r a t e d   d e p e n d i n g   on  which   of  the   q u a d r a t u r e  

p h a s e   c o m p o n e n t s   is  to  be  d e t e c t e d   in  the  p h a s e   s e n s i n g  

means  43.  FIG.  10  f u r t h e r   i l l u s t r a t e s   t h a t   f o r   the  p h a s e  
r e f e r e n c e   s i g n a l ,   the   t o t a l   amount   of  p h a s e   s h i f t   is  e q u a l  
to  the   sum  of  t he   p h a s e   a n g l e s   83  +  @4  ( s ee   a l s o   FIG.  4 ) .  
The  p h a s e   a n g l e   84  is   t h a t   p h a s e   s h i f t   i n t r o d u c e d   in  t h e  
p h a s e   r e f e r e n c e   s i g n a l   on  l e a d   42  by  the  a u t o p h a s e   u n i t  

32  w h i l e   c o m p e n s a t i n g   fo r   the   d y n a m i c   p h a s e   s h i f t   e r r o r s .  

The  A u t o p h a s e   U n i t   32 

R e f e r r i n g   now  to  FIG.  11,  a  d e t a i l e d   c i r c u i t   d i a g r a m  
of  the   a u t o p h a s e   u n i t   32,  the   r e f e r e n c e   c l o c k   s i g n a l   on 

l e a d   50  is  shown  a p p l i e d   to  an  R-2R  p r e c i s i o n   r e s i s t o r  

n e t w o r k   96.  R e s p o n s i v e   to  a  s u c c e s s i v e   a p p r o x i m a t i o n  

r e g i s t e r   c l o c k   (SAR  CLOCK)  g e n e r a t e d   by  the  w a v e f o r m  

g e n e r a t o r   26  is  a  s u c c e s s i v e   a p p r o x i m a t i o n   r e g i s t e r   9 0 .  

The  o u t p u t   from  t h i s   r e g i s t e r   is  a l s o   a p p l i e d   to  t h e  

p r e c i s i o n   r e s i s t o r   n e t w o r k   96  so  t h a t   the  v o l t a g e   w h i c h  

a p p e a r s   on  o u t p u t   l i n e   108  of  r e s i s t o r   n e t w o r k   96  has  a  DC 

a v e r a g e   v a l u e   d e t e r m i n e d   by  the  c u r r e n t   d i g i t a l   c o n t e n t   o f  

the   s u c c e s s i v e   a p p r o x i m a t i o n   r e g i s t e r   90.  In  t h i s   m a n n e r ,  
the  a v e r a g e   v a l u e   of  a  f i l t e r e d   r e f e r e n c e   c l o c k   s i g n a l   c a n  

be  a f f e c t e d   by  c o n t r o l l i n g   the  d i g i t a l   c o u n t   in  the  s u c c e s -  
s i v e   a p p r o x i m a t i o n   r e g i s t e r   9 0 .  

C o n n e c t a b l e   from  the   o u t p u t   of  the   r e s i s t o r   n e t w o r k  

96  to  g r o u n d   is  a  p a r a l l e l   c o m b i n a t i o n   of  c a p a c i t o r s   C 4 - C 7 ,  

which   a re   s e l e c t i v e l y   c o n n e c t e d   to  g r o u n d   t h r o u g h   q u a d  



s w i t c h   100  in  r e s p o n s e   to  t he   f r e q u e n c y   s e l e c t   c o n t r o l  

b i t s   F0  and  F   i n p u t t e d   to  the   d u a l   2:4  l i n e   d e c o d e r   9 8 .  

D e c o d e r   98,  s w i t c h   100  and  c a p a c i t o r s   C4-C7  c o m p r i s e  

p h a s e   c o n t r o l   means   106  f o r   c o n t r o l l i n g   the   p h a s e   s h i f t  

a p p l i e d   to  t h e   f i l t e r e d   r e f e r r e d   c l o c k   s i g n a l   a c c o r d i n g  

to  the   m a g n i t u d e   of  t he   c o n t e n t s   of  r e g i s t e r   9 0 .  

The  p r e s e n c e   of  a  c a p a c i t o r   on  the   o u t p u t   of  t h e  

r e s i s t o r   n e t w o r k   96  f u n c t i o n s   as  a  low  p a s s   f i l t e r   t o  

f i l t e r   or  s m o o t h   the  d i g i t a l   s q u a r e   wave  r e f e r e n c e   c l o c k  

s i g n a l   on  l e a d   50  whose  a v e r a g e   v a l u e   is  b e i n g   m o d u l a t e d  

by  the   v a l u e   c o n t a i n e d   in  the   s u c c e s s i v e   a p p r o x i m a t i o n  

r e g i s t e r   90.  T h i s   v o l t a g e   w a v e f o r m   108  i s   i l l u s t r a t e d   i n  

FIG.  10  s h o w i n g   the   s m o o t h i n g   e f f e c t   of  t he   f i l t e r  

c a p a c i t o r   c o n n e c t e d   to  the  o u t p u t   of  the   r e s i s t o r   n e t w o r k  

96.  I n v e r t e r s   110  and  112,.  s e r i a l l y   c o n n e c t e d   to  t h e  

o u t p u t   of  t h e   r e s i s t o r   n e t w o r k   96  f u n c t i o n   to  c o n v e r t   t h e  

f i l t e r e d   and  DC  s h i f t e d   r e f e r e n c e   c l o c k   s i g n a l   i n t o   a 

s q u a r e   wave  s u i t a b l e   fo r   d i g i t a l   c i r c u i t s .   A  p r o p e r t y   o f  

an  i n v e r t e r   g a t e ,   such   as  i n v e r t e r   110,  i s   t h a t   the   i n p u t  

DC  v o l t a g e   mus t   e x c e e d   a  t h r e s h o l d   l e v e l   b e f o r e   t h e . o u t p u t  

c h a n g e s   s t a t e .   Thus ,   by  s m o o t h i n g   the  r e f e r e n c e   s i g n a l ,  

c o n t r o l l i n g   i t s   DC  a v e r a g e   v a l u e   and  t a k i n g   a d v a n t a g e   o f  

the   t h r e s h o l d   p r o p e r t y   of  an  i n v e r t e r   g a t e ,   i t   is  p o s s i b l e  
to  a f f e c t   a  s m a l l   amount   of  p h a s e   s h i f t   to  the   r e f e r e n c e  

s i g n a l   as  i t   a p p e a r s   on  the  o u t p u t   of  i n v e r t e r s   110  a n d  

112.  A  p h a s e   s h i f t e d   r e f e r e n c e   c l o c k   s i g n a l   is  i l l u s t r a t e d  
in  F 3 .   10  as  h a v i n g   been  p h a s e   s h i f t e d   in  the   amount   o f  

the   p h a s e   a n g l e   @4. 

R e s p o n d i n g   to  the   p h a s e   s h i f t e d   r e f e r e n c e   c l o c k   s i g n a l  

on  l e a d   113  a r e   f i r s t   and  s e c o n d   f l i p - f l o p s   102  and  1 0 4 ,  

r e s p e c t i v e l y .   T h e s e   two  f l i p - f l o p s   a re   i n t e r c o n n e c t e d   s u c h  

t h a t   the   o u t p u t   of  f l i p - f l o p   102  g e n e r a t e s   t he   p h a s e   r e f e r -  

ence   s i g n a l   on  l e a d   42  w h i c h  h a s   e i t h e r   the   "R"  p h a s e  



r e l a t i o n s h i p   or  the   "X"  p h a s e   r e l a t i o n s h i p   to  the  t r a n s -  

m i t t e r   c o i l   c u r r e n t   iT  d e p e n d i n g   upon  the   p h a s e   s e l e c t  

b i t s   t h a t   a re   a p p l i e d   to  the  d e c o d e r   98.  T h e s e   p h a s e  

s e l e c t   b i t s   a r e   used   to  c o n t r o l   the   " p r e s e t "   and  " c l e a r "  

i n p u t s   to  the   f l i p - f l o p s .  

By  c o n t r o l l i n g   the   s t a r t i n g   l o g i c   s t a t e s   of  f l i p - f l o p s  
102  and  104  v i a   the  p r e s e t   and  c l e a r   i n p u t s ,   a  s q u a r e   w a v e  
s i g n a l   is   g e n e r a t e d   on  the   o u t p u t   of  f l i p - f l o p   102  t h a t  

s h i f t   in  p h a s e   by  a  p r e c i s e   90°  b e t w e e n   the   two  p h a s e  

r e l a t i o n s h i p s   w i t h   r e s p e c t   to  the  t r a n s m i t t e r   c u r r e n t   i T .  
T h i s   p r e c i s e   90°  p h a s e   c h a n g i n g   r e l a t i o n s h i p   e n a b l e s   t h e  

p h a s e   q u a d r a t u r e   c o m p o n e n t   s i g n a l s ,   "R"  and  "X",  to  b e  

a c c u r a t e l y   d e t e c t e d   by  a  s i n g l e   p h a s e   s e n s i t i v e   d e t e c t o r  

40.  D e p e n d i n g   upon  which  of  the  t r a n s m i t t e r   f r e q u e n c i e s  

a r e   s e l e c t e d ,   the  quad  s w i t c h   100  w i l l   s e l e c t i v e l y   c o n n e c t  

to  the   o u t p u t   of  the   r e s i s t o r   n e t w o r k   96  the  p r o p e r   r o l l -  

o f f   c a p a c i t a n c e   (C4-C7)   to  g r o u n d .  

The  A u t o c a l i b r a t i o n   C i r c u i t s  

A  common  p r o b l e m   in  s i g n a l   p r o c e s s i n g   c i r c u i t s   o f  

the  type   a d a p t e d   to  the  b o r e h o l e   e n v i r o n m e n t   is  a  n o n -  

l i n e a r i t y   of  the   t r a n s f e r   f u n c t i o n   i n c l u d i n g   n o n - l i n e a r i -  

t i e s   due  to  such  t h i n g s   as  t e m p e r a t u r e   d r i f t   of  the  c o m -  

p o n e n t s   in  the   c i r c u i t s .   A l s o ,   the   g a i n   of  d e v i c e s   may 
v a r y   s i g n i f i c a n t l y   w i t h   s i g n a l   l e v e l ,   and  t h i s   p r o b l e m   i s  

more  a p p a r e n t   in  i n d u c t i o n   l o g g i n g   whe re   s i g n a l   l e v e l s  

v a r y   o v e r   a  wide  r a n g e ,   f o r   e x a m p l e ,   s e v e r a l   d e c a d e s   o f  

m a g n i t u d e .   A  s i n g l e - p o i n t   c a l i b r a t i o n   may  be  e n t i r e l y  

i n a d e q u a t e   to  c h a r a c t e r i z e   the  s y s t e m   g a i n   at  a  s u b s t a n -  

t i a l l y   d i f f e r e n t   s i g n a l   l e v e l .   In  p a r t i c u l a r ,   a  s y s t e m  
whose  f i n a l   r e s u l t   is  c a l c u l a t e d   as  a  s m a l l   d i f f e r e n c e  

b e t w e e n   two  r e l a t i v e l y   l a r g e   m e a s u r e d   s i g n a l s   shows  a 

p a r t i c u l a r   s e n s i t i v i t y   to  s m a l l   e r r o r s   p r e s e n t   as  a  r e s u l t  

of  i n a c c u r a t e   c a l i b r a t i o n .  



To  s u b s t a n t i a l l y   r e d u c e   t h i s   p r o b l e m ,   t he   p r e s e n t   i n -  

v e n t i o n   i n c l u d e s   c a l i b r a t i o n   c i r c u i t s   t h a t   may  be  s w i t c h e d  

i n t o   the   m e a s u r e m e n t   c h a n n e l   at  r e g u l a r   t i m e s   i n t e r v a l s  

f o l l o w i n g   a  p r e - p r o g r a m m e d   p a t t e r n .   A  s a m p l e   of  t h e  

t r a n s m i t t e r   o u t p u t   is  t a k e n   and  u sed   to  d e v e l o p   c a l i b r a -  
t i o n   s i g n a l s .   FIG.  2  c o n t a i n s   an  i l l u s t r a t i o n   of  t h e  

a u t o c a l i b r a t i o n   c i r c u i t s   a c c o r d i n g   to  t he   p r e f e r r e d  
e m b o d i m e n t   of  t he   i n v e n t i o n   to  d e r i v e   c a l i b r a t i o n   s i g n a l s  

at  the  o u t p u t   t a p   p o i n t s   a,  b,  c  a n d  d   of  t r a n s f o r m e r   2 9 .  

T r a n s f o r m e r   29  is   d e s i g n e d   to  p r o v i d e   m u l t i p l e   s i g n a l s   a t  

l e v e l s   s u f f i c i e n t   to  s u b s t a n t i a l l y   c o v e r   the   e x p e c t e d  

r a n g e   of  f o r m a t i o n   r e s p o n s e   s i g n a l s .   C o n t r o l l e r   22 

s w i t c h e s   the   m e a s u r e m e n t   c h a n n e l   s e q u e n t i a l l y   b e t w e e n   o n e  

of  the   c a l i b r a t i o n   s i g n a l s   and  the   n o r m a l   r e c e i v e r   s i g n a l s  

Vr.  D u r i n g   the   a u t o p h a s e   c y c l e   p r e v i o u s l y   d i s c u s s e d ,   c o n -  

t r o l l a b l e   s w i t c h   S2  is  s e l e c t i n g   t a p  a   as  t he   t e s t   s i g n a l  

to  be  u s e d .   D u r i n g   an  a u t o c a l i b r a t i o n   c y c l e ,   a n y o n e   o f  

the   c a l i b r a t i o n   t a p s   may  be  u s e d .   Any  c h a n g e s   in  t h e  

o u t p u t   of  the   t r a n s m i t t e r   or  m e a s u r e m e n t   c h a n n e l   c a u s e d   by  

t e m p e r a t u r e   v a r i a t i o n s   or  o t h e r   e f f e c t s ,   w i l l   c a u s e   p r o -  

p o r t i o n a t e   c h a n g e s   in  bo th   the  c a l i b r a t i o n   and  r e c e i v e d  

s i g n a l s ,   so  t h a t   a  c o m p e n s a t i o n   of  t h i s   d r i f t   is  p o s s i b l e .  

A  l i n e a r i z a t i o n   f o r m u l a   can  be  o b t a i n e d   wh ich   t a k e s  

the   r a t i o   of  the   two  s i g n a l s   and  d e t e r m i n e s   the   c h a r a c -  

t e r i s t i c s   of  the   f o r m a t i o n   r e l a t i v e   to  the   f i x e d   v a l u e s   o f  

the  c a l i b r a t i o n   c i r c u i t r y .   A  m a t h e m a t i c a l   p r o c e d u r e   i s  

used  in  CPU  10  to   e n a b l e   i t   to  c a l c u l a t e   the  f o r m u l a   b a s e d  

on  the  r e s u l t s   of  the  c a l i b r a t i o n   m e a s u r e m e n t s   r e p r e s e n t i n g  

the  c o r r e c t i o n s   to  be  a p p l i e d   to  s u b s e q u e n t   f o r m a t i o n  

s i g n a l   d a t a .   T h i s   m a t h e m a t i c a l   p r o c e d u r e   in  e s s e n c e   is  a 

f i t t i n g   of  the   c a l i b r a t i o n   t e s t   s i g n a l   r e s p o n s e   to  a  k n o w n  

m a t h e m a t i c a l   f u n c t i o n .   Th i s   m a t h e m a t i c a l   f u n c t i o n   r e p r e -  

s e n t s   the  c a l c u l a t e d   t r a n s f e r   f u n c t i o n   f o r   the   t o o l   a s  

o b t a i n e d   f rom  m o d e l s   of  the   c i r c u i t   d e s i g n   of  the   t o o l  



u s i n g   c o n v e n t i o n a l   c i r c u i t   a n a l y s i s   t e c h n i q u e s .   I n  

e f f e c t ,   t h e   t e s t   c a l i b r a t i o n   p o i n t s   a r e   u sed   to  r e c a l -  

c u l a t e   t he   n u m e r i c a l   c o n s t a n t s   in  the   t r a n s f e r   f u n c t i o n .  

T h e s e   n u m e r i c a l   c o n s t a n t s   used   in  t he   f o r m u l a   a r e  

p e r i o d i c a l l y   r e c o m p u t e d   at   i n t e r v a l s   of  t i m e   d e t e r m i n e d  

by  the   a n t i c i p a t e d   m a g n i t u d e   of  t e m p e r a t u r e   d r i f t .   The  

r e s u l t   of  t h i s   p r o c e s s   is  shown  in  FIG.  1 3 ,  w h e r e   t h e  

t r a n s f e r   f u n c t i o n   of  the   t o o l   is  shown  as  a  g r a p h   o f  

o u t p u t   s i g n a l s   (So)  a g a i n s t   i n p u t   s i g n a l s   ( S i ) .   F o u r  

c a l i b r a t i o n   p o i n t s   ( X l  -   X4)  a re   shown,   p r o d u c i n g   f o u r  

o u t p u t s   ( Y l  -   Y4).   These   o u t p u t s   a re   u sed   to  compute   a 
c o r r e c t i o n   f o r m u l a   based   on  the  k n o w l e d g e   of  the  a m p l i -  
t u d e s   of  X 1 -   X4.  S u b s e q u e n t   f o r m a t i o n   d a t a   (So)  a p p l i e d  

by  the   c o m p u t e r   to  t h i s   f o r m u l a   w i l l   be  s u b s t a n t i a l l y  

c o r r e c t e d   to  p r o d u c e   the  a p p a r e n t   s i g n a l   (S'i)  in  c l o s e  

c o n f o r m i t y   w i t h   S i .   An  a n a l y s i s   of  the   p h y s i c a l   c a u s e s  
of  n o n - l i n e a r i t y   in  the  m e a s u r e m e n t   c h a n n e l   of  the  t o o l  

a l l o w s   the   d e r i v a t i o n   of  an  e q u a t i o n   t h a t   m o d e l s   t h e  

a c t u a l   t r a n s f e r   f u n c t i o n .   I t   is  t h e n   p o s s i b l e   to  i n v e r t  

the   e q u a t i o n   to  p r o d u c e   the  c o r r e c t i o n   f o r m u l a .   An  a l t e r -  

n a t i v e   m e t h o d ,   the  use  of  a  l e a s t   mean  s q u a r e s   f i t   of  t h e  

f o r m u l a ,   may  a l s o   be  u s e d .  

The  m u l t i p l e   c a l i b r a t i o n   p o i n t s   X l  -   Xn  must  s a t i s f y  

two  r e q u i r e m e n t s ;   a  p r e c i s e   r a t i o   b e t w e e n   e a c h   s i g n a l ,   a n d  

a  c o n s t a n t   a b s o l u t e   l e v e l   of  the   e n s e m b l e .   In  the  p r e s e n t  

i n v e n t i o n   ( s e e   FIG.  2) ,   a  p r e c i s i o n   r e s i s t o r   R  d e f i n e s   t h e  

c o n s t a n t   a b s o l u t e   m a g n i t u d e   w i t h   t r a n s f o r m e r   29  h a v i n g  

m u l t i p l e - r a t i o   w i n d i n g s   to  s u p p l y   the   v a r i o u s   t e m p e r a t u r e -  

s t a b l e   c a l i b r a t i o n   s i g n a l s .   Thus ,   t he   r e q u i r e m e n t   f o r  

h igh   t e m p e r a t u r e - s t a b i l i t y   is  t r a n s f e r r e d   f rom  the  m e a -  

s u r e m e n t   c h a n n e l   c i r c u i t s   to  the  c a l i b r a t i o n   c i r c u i t s .  



N o i s e   s i g n a l s   may  be  u n a v o i d a b l y   added   to  the   f o r m a -  

t i o n   s i g n a l   e i t h e r   in  t he   f o r m a t i o n   or  in  t h e   c i r c u i t s   o f  

t h e   t o o l .   In  bo th   c a s e s ,   t he   t ime   s p e n t   by  the   s y s t e m  

d u r i n g   c a l i b r a t i o n   r e p r e s e n t s   a  l o s s   of  t i m e   a v a i l a b l e   t o  

i m p r o v e   the   s i g n a l - t o - n o i s e   r a t i o   by  a v e r a g i n g   ( f o r   e x a m -  

p l e ,   u s i n g   CPU  10) .   N o i s e   added  in  t he   t o o l   i n t r o d u c e s  

t he   e x t r a   b u r d e n   of  d  r e d u c t i o n   in  c a l i b r a t i o n   s i g n a l - t o -  

n o i s e   r a t i o .   The  f i n a l   c o m p u t e d   r e s u l t   Si  i s . a   c o m b i n a -  
t i o n   of  f o r m a t i o n   and  c a l i b r a t i o n   s i g n a l s ,   i n c l u d i n g   t h e i r  

r e s p e c t i v e   n o i s e   c o n t r i b u t i o n s .   S i n c e   the   two  t y p e s   o f  

s i g n a l s   a re   m e a s u r e d   s e q u e n t i a l l y ,   t h e r e   w i l l   be  no  c o r r e -  

l a t i o n   b e t w e e n   the  n o i s e   c o m p o n e n t s   c a u s e d   by  r andom  p r c -  
c e s s e s   ( f o r   e x a m p l e ,   J o h n s o n   n o i s e ) .   An  o p t i m u m   s o l u t i o n  

must   t h e r e f o r e   be  found   f o r   the   r e l a t i v e   t i m e s   s p e n t   by 

the   t o o l   in  m e a s u r i n g   the   two  s i g n a l s   to  m a x i m i z e   t h e  

f i n a l   s i g n a l - t o - n o i s e   r a t i o .  

To  s i m p l i f y   the   c a l c u l a t i o n s ,   c o n s i d e r   t he   case   of  a 

s i n g l e   c a l i b r a t i o n   p o i n t .   Th i s   is  an  a c c e p t a b l e   a p p r o x i -  

m a t i o n   if   the   amount   of  n o n - l i n e a r i t y   in  t he   s y s t e m   ( a n d  

a s s o c i a t e d   c o r r e c t i o n )   is   s m a l l .   For  a  s i n g l e   c a l i b r a t i o n  

p o i n t ,   t he   f o l l o w i n g   o b t a i n s :  

w h e r e  

S c  =   c a l i b r a t i o n   s i g n a l  

Si  -  f o r m a t i o n   s i g n a l  

Ni  =  f o r m a t i o n   n o i s e / u n i t   b a n d w i d t h  



NR  =  r e c e i v e r   n o i s e / u n i t   b a n d w i d t h  

Tc  =  c a l i b r a t i o n   t i m e  

Tm  =  m e a s u r e m e n t   t i m e ,  

a l l   r e f e r r e d ,   f o r   e x a m p l e ,   to  the   r e c e i v e r   i n p u t .  

The  maximum  t ime   a l l o w e d   to  a c c u r a t e l y  m e a s u r e   Sc  i s  
d e t e r m i n e d   by  the  r e l a t i v e l y   s low  d r i f t   of  t h i s   p a r a m e t e r  

w i t h   c h a n g e s   in  t e m p e r a t u r e ,   and  f o r   o p t i m u m   S/N  r a t i o   t h e  

b a n d w i d t h   s h o u l d   be  no  l a r g e r   t han   t h i s   v a l u e   in  the  c a s e  

of  " w h i t e "   n o i s e   w i t h   c o n s t a n t   power  pe r   u n i t   b a n d w i d t h .  

Si  must   be  m e a s u r e d   w i t h   a  b a n d w i d t h   s u f f i c i e n t   t o  

r e s o l v e   the   c h a n g i n g   d e t a i l s   of  the   rock   f o r m a t i o n   as  t h e  

l o g g i n g   t o o l   t r a v e r s e s   the   b o r e h o l e .   T h i s   w i l l   depend  on 

the   s p a t i a l   r e s o l u t i o n   of  t he   t r a n s d u c e r   a r r a y   and  t h e  

s p e e d   a t   which   the  t o o l   is  moved.   In  b o t h   c a s e s ,   t h e  

b a n d w i d t h s   may  be  a d j u s t e d   by  the  use  of  c o m p u t e r   a v e r a g i n g  
of  s u c c e s s i v e   m e a s u r e m e n t s .   Where  the   l o g g i n g   speed   i s  

c h a n g e d   to  s u i t   d i f f e r i n g   o p e r a t i o n a l   r e q u i r e m e n t s ,   t h e  

.  c o m p u t e r   is  p r o g r a m m e d   to  a d a p t   the  b a n d w i d t h   a u t o m a - t i c a l l y  

to  o p t i m i z e   S/N  r a t i o   by  a v e r a g i n g   s a m p l e s   as  a  f u n c t i o n   o f  

d i s t a n c e   a l o n g   the  b o r e h o l e .   When  i m p l e m e n t e d ,   such  a 

s y s t e m   a l s o   a l l o w s   the   S/N  r a t i o   to  be  v a r i e d   at  w i l l ,   b y  

c h a n g i n g   the   l o g g i n g   s p e e d .  

The  f i n a l   c o m p u t a t i o n   of  the   f o r m a t i o n   p a r a m e t e r   ( P )  

is  done  by  t a k i n g   the   r a t i o   of  the   t o t a l   f o r m a t i o n   s i g n a l  

to  the   t o t a l   c a l i b r a t i o n   s i g n a l .   S i n c e   the   n o i s e   s o u r c e s  

a r e   a d d i t i v e ,   we  may  use  t he   me thod   of  p a r t i a l   d e r i v a t i v e s  

to  c o m b i n e   the  s e p a r a t e   s i g n a l / n o i s e   r a t i o s :  



Let   t he   t o t a l   t ime   a v a i l a b l e   f o r   a  c o m p l e t e   c y c l e   o f  

m e a s u r e m e n t   and  c a l i b r a t i o n   b e ,  

t h e n ,  

T h i s   f u n c t i o n   has  a  w e l l   d e f i n e d   maximum  p o i n t   w h i c h  

o c c u r s   at   a  m e a s u r e m e n t   t ime   f r a c t i o n .  

T h i s   a n a l y s i s   may  be  used  to  o p t i m i z e   the   p r o g r a m   o f  

s e q u e n t i a l   m e a s u r e m e n t s   in  the   l o g g i n g   t o o l .   H o w e v e r ,  

as  a l r e a d y   d i s c u s s e d ,   t he   f i n a l   i n t e g r a t i o n   t i m e s   (Tm  a n d  

Tc)  may  be  a d j u s t e d   f u r t h e r   by  the  c o m p u t e r   to   a d a p t   t o  

p a r t i c u l a r   s i t u a t i o n s .  

The  most   e f f i c i e n t   m e t h o d   of  i m p r o v i n g   s i g n a l / n o i s e  

r a t i o   is  fo r   the  t o o l   to  i n t e g r a t e   the   s i g n a l   d u r i n g   s u c -  

c e s s i v e   t ime  i n t e r v a l s   d e v o t e d   to  each   of  t he   s e q u e n t i a l  

m e a s u r e m e n t s .   F l o a t i n g   p o i n t   a n a l o g - t o - d i g i t a l   c o n v e r t e r  

46  p e r f o r m s   t h i s   f u n c t i o n .   The  p r o c e s s   i s   s i m p l i f i e d   i f  



the   s u c c e s s i v e   i n t e r v a l s   a re   of  i d e n t i c a l   l e n g t h ,   but   t h i s  

may  c o n f l i c t   w i t h   the   op t imum  f o r m a t i o n / c a l i b r a t i o n   t i m e  

r a t i o   c a l c u l a t e d   from  e q u a t i o n s   (6)  and  ( 7 ) .  

A  s o l u t i o n   of  t he   p r o b l e m   may  be  f o u n d   by  c o n s i d e r i n g  
t he   p a t t e r n   of  the   s a m p l e s .   For  e x a m p l e ,   w h e r e   (Tm/T)  
o p t i m u m   is  a p p r o x i m a t e l y   0 .75   or  3 / 4 ,   t h e n   we  may  make  

t h r e e   f o r m a t i o n   m e a s u r e m e n t s   f o r   e v e r y   c a l i b r a t i o n ,   i . e . ,  
c a l i b r a t i o n   ( t a p   " a " ) ,   f o r m a t i o n ,   f o r m a t i o n ,   f o r m a t i o n ,  

c a l i b r a t i o n   ( t a p   " b " ) ,   f o r m a t i o n ,   e t c .   T h i s   p a t t e r n   i s  

s t o r e d   in  the   c o n t r o l l e r   22,  and  may  be  m o d i f i e d   to  s u i t  

a c t u a l   o p e r a t i n g   c o n d i t i o n s   or  c h a n g e s   in  t he   p e r f o r m a n c e  
of  t h e   t o o l .  

The  F l o a t i n g   P o i n t   A n a l o g - t o - D i g i t a l   C o n v e r t e r   46 

T u r n i n g   now  to  FIG.  12,  a  d e t a i l e d   c i r c u i t   d i a g r a m   o f  

a  b i p o l a r   f l o a t i n g   p o i n t   a n a l o g - t o - d i g i t a l   c o n v e r t e r   i s  

shown.   The  c o n v e r t e r   shown  in  FIG.  12  may  a l s o   o p e r a t e   a s  

a  u n i p o l a r   c o n v e r t e r ,   and  the  f o l l o w i n g   d e s c r i p t i o n   r e f e r s  

to  s u c h   o p e r a t i o n .   The  o u t p u t   from  the   p h a s e   s e n s i t i v e  

d e t e c t o r   40  is   a p p l i e d   to  a  v o l t a g e - t o - f r e q u e n c y   c o n v e r t e r  

45  w h i c h   p r o d u c e s   a  d i g i t a l   c l o c k i n g   f r e q u e n c y   s i g n a l   131 

p r o p o r t i o n a l   to  the  m a g n i t u d e   of  the   i n p u t   a n a l o g   v o l t a g e  

on  l e a d   41.  The  b a s i c   p r i n c i p l e   of  the  c o n v e r t e r   of.  t h e  

p r e s e n t   i n v e n t i o n   is  to  i n t e g r a t e   the  d e t e c t e d   c o m p o n e n t  
s i g n a l   on  l e a d   41  o v e r   a  p r e d e t e r m i n e d   t ime   i n t e r v a l  

Ti  by  a c c u m u l a t i n g   the  c l o c k   c y c l e s   from  t he   v o l t a g e -  

t o - f r e q u e n c y   c o n v e r t e r   45  in  two  s e r i a l l y   c o n n e c t e d   a s y n -  
c h r o n o u s   1 2 - b i t   b i n a r y   c o u n t e r s   126  and  130.  At  t h e  

c o m p l e t i o n   of  each  c o n v e r t e r   t ime   i n t e r v a l   T i ,   t h e  

c o n t e n t s   of  c o u n t e r   1 2 6 , 1 3 0   a re   t r a n s f e r r e d   to  a  s h i f t  

r e g i s t e r   c o n s i s t i n g   of  s e r i a l l y   c o n n e c t e d   s h i f t   r e g i s t e r  

u n i t s   128,  132  and  1 3 4 .  



C h a r a c t e r i s t i c   of  d i g i t a l   i n d u c t i o n   l o g g i n g   t o o l s   i s  

t he   v e r y   wide   d y n a m i c   r a n g e   in  s i g n a l s   t h a t   a re   g e n e r a t e d  

on  the  o u t p u t   of  p h a s e   s e n s i t i v e   d e t e c t o r s ,   such   as  t h e  

p h a s e   s e n s i t i v e   d e t e c t o r   40,  as  a  f u n c t i o n   of  the   c o n d u c -  

t i v i t y   of  the   f o r m a t i o n s   b e i n g   l o g g e d .   In  o r d e r   to  f u n c -  

t i o n   p r o p e r l y   o v e r   t h i s   wide   d y n a m i c   r a n g e ,   a  l a r g e   n u m b e r  

of  b i n a r y   c o u n t e r   s t a g e s   a r e   r e q u i r e d   to  a c c u m u l a t e   t h e  

c l o c k   c y c l e s   f rom  t he   v o l t a g e - t o - f r e q u e n c y   c o n v e r t e r   45  

d u r i n g   each   T   i n t e r v a l .   Even  t h o u g h   a  l a r g e   number   o f  

c l o c k   c y c l e s   may  be  c r e a t e d ,   i t   is   no t   n e c e s s a r y   t h a t   t h e  

f u l l   c o n t e n t s   of  the   two  b i n a r y   c o u n t e r s   126,  130  b e  

t r a n s m i t t e d   to  the   s u r f a c e .   R a t h e r ,   d a t a   c o m p r e s s i o n   i s  

used  w h e r e b y   t h e   b i n a r y   number   c o n t a i n e d   in  c o u n t e r s   126 

and  130  a t   the   end  of  each  c o n v e r s i o n   i n t e r v a l   a re   c o n -  

v e r t e d   to  a  f l o a t i n g   p o i n t   number   h a v i n g   a  d i g i t a l   c o d e  

f o r   the   m a g n i t u d e   and  and  a  d i g i t a l   code  f o r   the   e x p o n e n t .  

The  t o t a l   number   of  d i g i t s   f o r   b o t h   the   m a g n i t u d e   and  t h e  

e x p o n e n t   is   l e s s   t h a n   the  t o t a l   number   of  b i t s   in  c o u n t e r s  

126  and  130.  In  t h i s   m a n n e r ,   t h e   d i g i t a l   s a m p l e s   o b t a i n e d  

by  the  i n d u c t i o n   t o o l   of  t h e   p r e s e n t   i n v e n t i o n   a re   r e a d y  
f o r   f l o a t i n g   p o i n t   c a l c u l a t i o n   by  the   CPU  10  a f t e r   t r a n s -  

m i s s i o n   to  the   s u r f a c e ,   and  a  s i g n i f i c a n t   r e d u c t i o n   in  t h e  

amount   of  d a t a   r e p o r t e d   u p h o l e   is  a c h i e v e d .  

In  o r d e r   to  c o n v e r t   t he   a c c u m u l a t e d   c o n v e r s i o n   c o u n t  
in  c o u n t e r   1 2 6 , 1 3 0 ,   the   s h i f t   r e g i s t e r   1 2 8 , 1 3 2 , 1 3 4   i s  

l o a d e d   w i t h   the  c o n t e n t s   of  the   b i n a r y   c o u n t e r   1 2 6 , 1 3 0   a t  

the  end  of  each   c o n v e r s i o n   i n t e r v a l   and  s h i f t e d   in  a 
d i r e c t i o n   to  c a u s e   the  mos t   s i g n i f i c a n t   b i t   (MSB)  of  a 

d i g i t a l   word  fo rmed   from  a  s u b - s e t   number   of  o u t p u t   b i t s  

of  the   s h i f t   r e g i s t e r   1 2 8 , 1 3 2 , 1 3 4   to  c o n t a i n   a  l o g i c   1  ( a  

l o g i c   1  or  l o g i c   0  d e p e n d i n g   upon  the  s i g n   of  the  d i g i t a l  

s a m p l e   i f   b i p o l a r   o p e r a t i o n   is  u s e d ) .   Th i s   s u b - s e t   o f  

o u t p u t   b i t s   is  l e s s   t h a n   the   t o t a l   number  of  b i t s   c o n -  

t a i n e d   in  the  b i n a r y   c o u n t e r   1 2 6 , 1 3 0 ,   and  r e p r e s e n t s   t h e  



m a g n i t u d e   of  the   f l o a t i n g   p o i n t   number   t h u s   o b t a i n e d .   As 
i l l u s t r a t e d   in  FIG.  12,  the   o u t p u t   of  the   t w e l v e   most  s i g -  
n i f i c a n t   b i t s   of  the   b i n a r y   c o u n t e r   1 2 6 , 1 3 0   a re   p r e s e n t e d  

as  t he   m a g n i t u d e   of  the   f l o a t i n g   p o i n t   n u m b e r .   A  down 

c o u n t e r   138  r e s p o n d s   to  the   s h i f t   c l o c k   p u l s e s   t h a t   a r e  

s h i f t i n g   t h e   s h i f t   r e g i s t e r   1 2 8 , 1 3 0 , 1 3 4   so  t h a t   for   e a c h  

s h i f t   p u l s e ,   down  c o u n t e r   138  d e c r e m e n t s   i t s   c o u n t   by  o n e  

c o u n t .   The  4 - b i t   down  c o u n t e r   138  c o m p r i s e s   the  4 - b i t  

e x p o n e n t   of  t he   f l o a t i n g   p o i n t   c o n v e r s i o n   v a l u e .   At  t h e  

s t a r t   of  each   f l o a t i n g   p o i n t   c o n v e r s i o n ,   the  c o n t e n t s   o f  

down  c o u n t e r   138  is  p r e s e t   to  an  a l l   1 ' s   p a t t e r n .  

The  s h i f t i n g   of  the   c o n t e n t s   c o n t a i n e d   in  s h i f t  

r e g i s t e r   1 2 8 , 1 3 2 , 1 3 4   is  c o n t i n u a l l y   s h i f t e d   to  the  l e f t  

u n t i l   one  of  two  e v e n t s   o c c u r s ,   e i t h e r   a  l o g i c   1  a p p e a r s  
in  the   most   s i g n i f i c a n t   b i t   of  t he   m a o n i t u d e   code  word  f o r  

the  f l o a t i n g   p o i n t   v a l u e   or  the   c o u n t   in  down  c o u n t e r   138 
r e a c h e s   z e r o .   Upon  the  o c c u r r e n c e   of  e i t h e r   of  t h e s e  

e v e n t s ,   s h i f t i n g   of  s h i f t   r e g i s t e r   1 2 8 , 1 3 2 , 1 3 4   c e a s e s ,   a n d  
bo th   the  m a g n i t u d e   and  the   e x p o n e n t   v a l u e s   a re   t r a n s m i t t e d  

as  the   f l o a t i n g   p o i n t   c o n v e r s i o n   s a m p l e   from  A/D  c o n v e r t e r  
46.  In  a  f u r t h e r   i m p l e m e n t a t i o n ,   the   most  s i g n i f i c a n t  
b i t   (MSB)  c o n t a i n i n g   a  l o g i c   1  or  l o g i c   0  as  p r e v i o u s l y  

d e s c r i b e d   is  e l i m i n a t e d   by  s h i f t i n g   the  d a t a   one  a d d i t i o n a l  

t i m e ,   and  means  a re   p r o v i d e d   in  s u b s e q u e n t   d e c o d i n g   t o  

r e s t o r e   the  m i s s i n g   b i t ,   a l l o w i n g   an  i n c r e a s e   in  t h e  

a c c u r a c y   of  the   f l o a t i n g   p o i n t   s a m p l e .  

The  l e n g t h   of  the   c o n v e r s i o n   c y c l e   t ime  T.  and  t h e  

c o n s t a n t   of  p r o p o r t i o n a l i t y   f o r   t he   v o l t a g e - t o - f r e q u e n c y  

c o n v e r t e r   45  d e t e r m i n e s   the   c o n v e r s i o n   c o n s t a n t   for   c Q n -  

v e r t i n g   the   d i g i t a l   m a g n i t u d e   and  e x p o n e n t   f l o a t i n g   p o i n t  

v a l u e s   to  an  a m p l i t u d e   v a l u e   f o r   t he   d e t e c t e d   phase   com-  

p o n e n t   s i g n a l   on  l e a d   41.  For   u n i p o l a r   o p e r a t i o n ,   v o l t a g e -  

t o - f r e q u e n c y   c o n v e r t e r   45  has   a  c o n v e r s i o n   c o e f f i c i e n t   o f  



b e t w e e n  2 0 0   and  500  K H z / v o l t   and  a  d y n a m i c   r a n g e   of  1 
m i l l i v o l t   to  10  v o l t s   (80  db)  a t   a l l   t e m p e r a t u r e s   f r o m  

- 6 5 ° C   to  2 0 0 ° C .  

Each  of  the   c i r c u i t s   shown  and  d e s c r i b e d   h e r e i n   a r e  

i n t e n d e d   to  o p e r a t e   in  e x t r e m e   t e m p e r a t u r e   e n v i r o n m e n t s  

e n c o u n t e r e d   in  i n d u c t i o n   w e l l   l o g g i n g .   T e m p e r a t u r e s   i n  

e x c e s s   of  200°C  a r e   not   uncommon.   A c c o r d i n g l y ,   w h e r e  

such   t e m p e r a t u r e s   a re   to  be  e n c o u n t e r e d ,   a t t e n t i o n   m u s t  

be  g i v e n   to  c i r c u i t   c o m p o n e n t   s e l e c t i o n ,   l a y o u t   a n d  

d e s i g n   in  o r d e r   to  i n s u r e   t h a t   the  c i r c u i t s   w i l l   c o n -  
t i n u e   to  p e r f o r m   t h e i r   f u n c t i o n s   as  d i s c l o s e d   and  d i s -  

c u s s e d   h e r e i n .  

In  FIG.  6  is  i l l u s t r a t e d   a  t i m i n g   d i a g r a m   f o r   v a r i o u s  
of  the   s i g n a l s   p r e s e n t   in  t he   b i p o l a r   A/D  c o n v e r t e r   c i r -  

c u i t   shown  in  FIG.  12.  The  o p e r a t i o n   of  c o n v e r t e r   46 
when  o p e r a t i n g   in  a  b i p o l a r   mode  is  e s s e n t i a l l y   the  same 
as  d e s c r i b e d   above  w i t h   r e f e r e n c e   to  o p e r a t i o n   in  a  

u n i p o l a r   mode  e x c e p t   t h a t   c o u n t e r   126  and  130  a re   d i s p o s e d  

to  c o u n t   up  or  down  d e p e n d i n g   on  the   p o l a r i t y   of  t h e  

i n p u t .   In  b i p o l a r   o p e r a t i o n ,   the   i n p u t   v o l t a g e   41  f r o m  

the  p h a s e   s e n s i t i v e   d e t e c t o r   40  w i l l   have  v o l t a g e   e x c u r -  

s i o n s   bo th   p o s i t i v e   and  n e g a t i v e .   In  u n i p o l a r   o p e r a t i o n ,  

t he   v o l t a g e   e x c u r s i o n s   a re   a l l   p o s i t i v e .   FIG.  6  i l l u s -  

t r a t e s   a  p o s s i b l e   b i p o l a r   v o l t a g e   s i g n a l   f o r   the   s i g n a l  

on  l e a d   41.  To  o p e r a t e   as  a  b i p o l a r   A/D  c o n v e r t e r ,   t h e  

v o l t a g e - t o - f r e q u e n c y   c o n v e r t e r   45  d e s c r i b e d   above   m u s t  

o p e r a t e   to  p r o d u c e   an  o u t p u t   f r e q u e n c y   s i g n a l   w h o s e  

f r e q u e n c y   is  d e p e n d e n t   upon  the   a b s o l u t e   v a l u e   of  t h e  

m a g n i t u d e   of  i t s   i n p u t   s i g n a l .   T h a t   i s ,   p r o d u c e   the  same 

f r e q u e n c y   f o r   a  g i v e n   p o s i t i v e   v o l t a g e   as  i t   does   for   a 
n e g a t i v e   v o l t a g e   of  the   same  m a g n i t u d e .  



To  d i s t i n g u i s h   b e t w e e n   p o s i t i v e   and  n e g a t i v e   i n p u t  .  

v o l t a g e ,   a  c o m p a r a t o r   127  r e s p o n d s   to  the   s i g n a l   on  l e a d  

41  to  p r o d u c e   a  c o u n t i n g   c o n t r o l   s i g n a l ,   UP/DOWN  CONTROL, 

to  u p / d o w n   c o u n t e r s   126  and  130.  As  shown  in  FIG.  6,  w h e n  

the  s i g n a l   on  l e a d   41  is   p o s i t i v e ,   c o u n t e r   126  and  130 

c o u n t   up,  and  when  n e g a t i v e ,   the  c o u n t e r s   c o u n t   down.  I n  

t h i s   m a n n e r ,   t he   c o u n t   in  c o u n t e r   126  and  130  at   the   e n d  
of  each   c o u n t i n g   p e r i o d   Ti  c o n t a i n s   the   a v e r a g e   v a l u e  
of  i n p u t   s i g n a l   41  o v e r   one  t ime  p e r i o d ,   and  the   most  s i g -  
n i f i c a n t   b i t   in  the  l a s t   c o u n t e r   of  the   c h a i n   in  c o u n t e r s  
126  and  130  r e p r e s e n t s   the   p o l a r i t y   of  the  a v e r a g e   v a l u e .  

At  the   c o m p l e t i o n   of  each   c o u n t i n g   i n t e r v a l   T i .  
RESET  c l e a r s   c o u n t e r   126  and  130,  and  the  n e x t   c o u n t i n g  

i n t e r v a l   is  b e g u n .   At  the   same  t i m e ,   down  c o u n t e r   138  i s  

s e t   to  the   a l l   1 ' s   p a t t e r n   so  t h a t   the   c o u n t   f o r   t he   j u s t  .  

c o m p l e t e d   c o u n t i n g   i n t e r v a l ,   which   is  now  c o n t a i n e d   i n  

s h i f t   r e g i s t e r s   128,  132,  134,  can  be  c o n v e r t e d   to  a 

f l o a t i n g   p o i n t   s a m p l e   as  p r e v i o u s l y   d e s c r i b e d .   In  o t h e r  

w o r d s ,   as  each   c o u n t i n g   i n t e r v a l   is  begun ,   the   p r e v i o u s  

i n t e g r a t e d   s a m p l e   o b t a i n e d   by  c o n v e r t e r   46  is  c o n v e r t e d  
to  a  f l o a t i n g   p o i n t   s a m p l e   and  made  a v a i l a b l e   f o r   t r a n s -  
m i s s i o n   to  the  s u r f a c e .  

Summary  of  O p e r a t i o n  

In  n o r m a l   o p e r a t i o n ,   the   d i g i t a l   i n d u c t i o n   l o g g i n g  
t o o l   1  of  t h e   p r e s e n t   i n v e n t i o n   r e s p o n d s   to  command  a n d  

d a t a   s i g n a l s   t r a n s m i t t e d   f rom  a  s u r f a c e   l o c a t e d   c e n t r a l  

p r o c e s s i n g   u n i t   10  to   s e l e c t   a  t r a n s m i t t e r   f r e q u e n c y   f r o m  

among  a  p l u r a l i t y   of  t r a n s m i t t e r   f r e q u e n c i e s   or  a  c h o i c e  

of  m u l t i p l e   s i m u l t a n e o u s   f r e q u e n c i e s .   The  f r e q u e n c y   o r  

f r e q u e n c i e s   s e l e c t e d   may  be  based   on  such  t h i n g s   as  t h e  

a c t u a l   c o n d u c t i v i t y   of  the  f o r m a t i o n   be ing   m e a s u r e d   i n  

o r d e r   to  a u t o m a t i c a l l y   o b t a i n   the  most  a c c u r a t e   r e a d i n g  



of  c o n d u c t i v i t y   p o s s i b l e .   A  d i g i t a l   w a v e f o r m   g e n e r a t o r  

26  r e s p o n d s   to  t he   f r e q u e n c y   s e l e c t   s i g n a l s   to   d i g i t a l l y  

g e n e r a t e   a  low  d i s t o r t i o n ,   h i g h l y   p h a s e   s t a b l e   s i n u s o i d a l  

t r a n s m i t t e r   f r e q u e n c y   s i g n a l   or  a  w a v e f o r m   c o n s i s t i n g   o f  

two  or  more   s u p e r i m p o s e d   s i n u s o i d a l   s i g n a l s .   T h i s   t r a n s -  

m i t t e r   s i g n a l   i s   a p p l i e d   to  a  t r a n s m i t t e r   c o i l   34.  U s i n g  
the   p r i n c i p l e   of  s u p e r p o s i t i o n   we  may  c o n s i d e r   the  d i f f e r e n t  

f r e q u e n c i e s   of  a  c o m p o s i t e   w a v e f o r m   as  d e s c r i b e d   above  a s  
i f   t hey   w e r e   s e p a r a t e .   The  f o l l o w i n g   d i s c u s s i o n   w i l l  

c o n s i d e r   t he   c a s e   of  a  s i n u s o i d a l   t r a n s m i t t e r   o u t p u t .  

R e s p o n s i v e   to  the   m a g n e t i c   f i e l d   g e n e r a t e d   in  t h e  

e a r t h ' s   f o r m a t i o n s   by  the   c u r r e n t   f l o w i n g   in  t h i s   t r a n s -  

m i t t e r   c o i l ,   f o r m a t i o n   eddy  c u r r e n t s   a re   c a u s e d   to  f l o w .  

T h e s e   f l o w i n a   eddy  c u r r e n t s   t h e m s e l v e s   p r o d u c e   m a g n e t i c  

f i e l d s   w h i c h   a r e   s e n s e d   by  a  r e c e i v e r   c o i l   36  to  p r o d u c e   a 

r e c e i v e   s i g n a l   Vr  on  l ead   37.  A  s i n g l e   p h a s e   s e n s i t i v e  

d e t e c t o r   40  is   e m p l o y e d   to  s e q u e n t i a l l y   d e t e c t ,   at  e a c h  

m e a s u r e m e n t   p o i n t   of  the   b o r e h o l e   the   p h a s e   q u a d r a t u r e  

c o m p o n e n t s ,   "R"  and  "X",  c o n t a i n e d   in  t he   r e c e i v e r   s i g n a l  

to  o b t a i n   s i g n a l s   t h a t   a re   r e p r e s e n t a t i v e   of  the   c o n d u c -  

t i v i t y   of  the   f o r m a t i o n s .  

A l t h o u g h   the   R  and  X  c o m p o n e n t s   a r e   s e q u e n t i a l l y  
m e a s u r e d   in  a  s i n g l e   p h a s e   s e n s i t i v e   d e t e c t o r   by  t h e  

p r e s e n t   i n v e n t i o n ,   the   r a t e   at  which  t h e s e   m e a s u r e m e n t s  

a r e   s e q u e n t i a l l y   t a k e n   is  h igh   enough   t h a t   b o t h   the  R 

and  X  m e a s u r e m e n t s   fo r   a  g i v e n   d e p t h   p o i n t   a r e   the  same 

as  t h o s e   t h a t   wou ld   have  been  o b t a i n e d   had  t h e   t o o l   b e e n  

s t a t i o n a r y   w h i l e   the  R  and  X  m e a s u r e m e n t s   w e r e   made.  I n  

o t h e r   w o r d s ,   t h e   p r e s e n t   i n v e n t i o n   o b t a i n s   e s s e n t i a l l y  

c o r r e l a t e d   R  and  X  r e a d i n g s   fo r   each   d e p t h   p o i n t   e v e n  

t h o u g h   the   m e a s u r e m e n t s   a re   s e q u e n t i a l l y   made .   In  o r d e r  

to  a c h i e v e   p r e c i s e   and  a c c u r a t e   m e a s u r e m e n t s   of  t h e s e  

p h a s e   q u a d r a t u r e   c o m p o n e n t   s i g n a l s ,   t he   p r e s e n t   i n v e n t i o n  



c o m p e n s a t e s   f o r   p h a s e   s h i f t   e r r o r s   r e s u l t i n g   from  c o m p o -  

n e n t s   of  t he   c i r c u i t s   in  the   i n d u c t i o n   t o o l   i t s e l f .   T h e s e  

p h a s e   s h i f t   e r r o r s   a re   c h a r a c t e r i z e d   in  two  c l a s s i f i c a -  

t i o n s ,   s t a t i c   and  d y n a m i c   or  t e m p e r a t u r e   d e p e n d e n t   v a r y i n g  

p h a s e   s h i f t   e r r o r s .  

The  d i g i t a l   w a v e f o r m   g e n e r a t o r   26  a l s o   p r o d u c e s   a 

r e f e r e n c e   c l o c k   s i g n a l   on  l e a d   50  h a v i n g   a  p r e d e t e r m i n e d  

p h a s e   r e l a t i o n s h i p   to  the   r e s u l t i n g   s i n u s o i d a l   t r a n s m i t t e r  

s i g n a l   on  l e a d   28,  wh ich   the   w a v e f o r m   g e n e r a t o r   a l s o  

p r o d u c e s .   R e s p o n s i v e   to  the   r e f e r e n c e   c l o c k   s i g n a l ,   a n  

a u t o p h a s e   u n i t   32  g e n e r a t e s   a  p h a s e   r e f e r e n c e   s i g n a l   on  

l e a d   42  to  a  p h a s e   s e n s i t i v e   d e t e c t o r   40.  The  p h a s e   s h i f t  

b e t w e e n   the  r e f e r e n c e   c l o c k   and  the   t r a n s m i t t e r   s i g n a l  

c o m p e n s a t e s   fo r   the  s t a t i c   p h a s e   s h i f t   e r r o r s .   To  c o m p e n -  

s a t e   f o r   the  t e m p e r a t u r e   d e p e n d e n t   p h a s e   s h i f t   e r r o r s ,   a n  

a u t o p h a s e   c y c l e   is  p e r i o d i c a l l y   i n i t i a t e d   d u r i n g   a  n o r m a l  

l o g g i n g   r un .   D u r i n g   t h i s   a u t o p h a s e   c y c l e ,   a  p r e d e t e r m i n e d  

t e s t   s i g n a l   d e r i v e d   from  the  t r a n s m i t t e r   c u r r e n t   iT  i s  

to  the  d e t e c t o r   40,  r a t h e r   t h a n   the   n o r m a l  r e c e i v e r   s i g n a l  

Vr  from  the   r e c e i v e r   c o i l   36.  A d d i t i o n a l l y ,   the   p h a s e  

r e l a t i o n s h i p   of  the   p h a s e   r e f e r e n c e   s i g n a l   on  l ead   42 

is  s e l e c t e d   to  d e t e c t   the  "X"  p h a s e   c o m p o n e n t   s i g n a l .  

The  p o l a r i t y   of  the   r e s u l t i n g   o u t p u t   of  the   p h a s e  

s e n s i t i v e   d e t e c t o r   40  is  d e t e c t e d   and  a p p l i e d   as  a  f e e d -  

back  e r r o r   s i g n a l   to  the   a u t o p h a s e   u n i t   32.  T h i s   f e e d b a c k  

s i g n a l   c o n t r o l s   the  a u t o p h a s e   u n i t   32  to  p h a s e   s h i f t   t h e  

p h a s e   r e f e r e n c e   s i g n a l   on  l e a d   42  in  a  d i r e c t i o n   to  r e d u c e  

the   o u t p u t   of  t he   p h a s e   s e n s i t i v e   d e t e c t o r   40  to  z e r o .  

B e c a u s e   t h e r e   s h o u l d   be  z e r o   "X"  c o m p o n e n t   s i g n a l   in  t h e  

t e s t   s i g n a l   d e r i v e d   from  the   t r a n s m i t t e r   c u r r e n t   iT'  i t  

f o l l o w s   t h a t   by  p h a s e   s h i f t i n g   the   p h a s e   r e f e r e n c e  

s i g n a l   in  a  d i r e c t i o n   to  i n s u r e   t h a t   the   d e t e c t e d   p h a s e  

c o m p o n e n t   s i g n a l   is  a c t u a l l y   z e r o   a u t o m a t i c a l l y   a n d  



d y n a m i c a l l y   c o m p e n s a t e s   f o r   any  t e m p e r a t u r e   d e p e n d e n t  
p h a s e   s h i f t   e r r o r s   p r e s e n t   in  a l l   t he   m e a s u r e m e n t   o f  

e i t h e r   the   R  or  t he   X  p h a s e   c o m p o n e n t   s i g n a l s .  

D u r i n g   the   n o r m a l   l o g g i n g   run ,   the   R  and  X  p h a s e  

c o m p o n e n t   s i g n a l s   s e q u e n t i a l l y   d e t e c t e d   by  the   s i n g l e  

p h a s e   s e n s i t i v e   d e t e c t o r   40  a re   c o n v e r t e d   to  f l o a t i n g  

p o i n t   d i g i t a l   s a m p l e s   by  a  wide  d y n a m i c   r a n g e   f l o a t i n g  

p o i n t   c o n v e r t e r   46.  Thus ,   the   p r e s e n t   i n v e n t i o n   is  a b l e  

to  o b t a i n   v e r y   p r e c i s e   and  a c c u r a t e   d i g i t a l   m e a s u r e m e n t s  

of  t he   R  and  the   X  c o m p o n e n t   s i g n a l s   in  t he   r e c e i v e r  

s i g n a l   Vr  d o w n h o l e   where   the  s i g n a l - t o - n o i s e   r a t i o   is  a t  
i t s   maximum  b e f o r e   b e i n g   t r a n s m i t t e d   to  t he   s u r f a c e   CPU 

10  f o r   f u r t h e r   p r o c e s s i n g .  

D u r i n g   the   s e q u e n t i a l   m e a s u r e m e n t   of  c o m p o n e n t s   i n  

the  r e c e i v e r   s i g n a l ,   the   t o o l   p r o d u c e s   a  s e q u e n c e   o f  

p r e d e t e r m i n e d   c a l i b r a t i o n   s i g n a l   d e r i v e d   from  the  t r a n s -  

m i t t e r   c u r r e n t   iT  which   a re   a p p l i e d   to  t he   p h a s e   s e n s i -  
t i v e   d e t e c t o r   40  in  p l a c e   of  the   n o r m a l l y   a p p l i e d   r e c e i v e r  

s i g n a l   Vr.  From  the   m e a s u r e m e n t s   t h u s   o b t a i n e d   f o r   t h e  

c a l i b r a t i o n   s i g n a l s ,   the   s u r f a c e   l o c a t e d   CPU  10  is  a b l e  

to  p r o d u c e   a  c o r r e c t i o n   f o r m u l a   f o r   c o r r e c t i n g   the   s i g n a l  

m e a s u r e m e n t s   to  e l i m i n a t e   the  n o n - l i n e a r i t i e s   in  the  t r a n s -  

f e r   f u n c t i o n s   of  the   t o o l   i t s e l f .   T h e s e   n o n - l i n e a r i t i e s  

r e s u l t   from  s u c h   t h i n g s   as  n o n - l i n e a r i t i e s   in  g a i n   o v e r  
wide  s i g n a l   r a n g e s   and  in  t e m p e r a t u r e   d r i f t   in  the  c i r c u i t  

c o m p o n e n t s .  

In  d e s c r i b i n g   the  i n v e n t i o n ,   r e f e r e n c e   has  been  m a d e  

to  a  p r e f e r r e d   e m b o d i m e n t .   H o w e v e r ,   t h o s e   s k i l l e d   i n ' t h e  

a r t   and  f a m i l i a r   w i t h   the   d i s c l o s u r e   of  t he   i n v e n t i o n   may 

r e c o g n i z e   a d d i t i o n s ,   d e l e t i o n s ,   s u b s t i t u t i o n s   or  o t h e r  

m o d i f i c a t i o n s ,   wh ich   would   f a l l   w i t h i n   the   p u r v i e w   of  t h e  

i n v e n t i o n   as  d e f i n e d   in  the  a p p e n d e d   c l a i m s .  



1.  In  a  d i g i t a l   i n d u c t i o n   l o g g i n g   t o o l   h a v i n g   a  

t r a n s m i t t e r   c o i l   w h i c h   r e s p o n d s   to  a  t r a n s m i t t e r   s i g n a l  

g e n e r a t e d   f rom  s t o r e d   d i g i t a l   d a t a   s i g n a l s   to  i n d u c e   e d d y  

c u r r e n t s   to  f l o w   in  t he   e a r t h ' s   s u b s u r f a c e   f o r m a t i o n s   and  a  

r e c e i v e r   c o i l   w h i c h   g e n e r a t e s   a  f o r m a t i o n   c h a r a c t e r i s t i c  

s i g n a l   in  r e s p o n s e   to   t he   p r e s e n c e   of  t h e s e   c u r r e n t s ,   t h e  

t o o l   m e a s u r i n g   a t   l e a s t   one  c o m p o n e n t   of  t he   c h a r a c t e r i s t i c  

s i g n a l   in  a  p h a s e   s e n s i t i v e   d e t e c t o r   in  r e s p o n s e   to  a  

r e f e r e n c e   p h a s e   s i g n a l   h a v i n g   the   same  p h a s e   as  t he   c o m p o n e n t  

s i g n a l   to  be  d e t e c t e d ,   s a i d   t o o l   i n c l u d i n g   a  d e v i c e   f o r  

c o m p e n s a t i n g   f o r   p h a s e   s h i f t   e r r o r s   i n t r o d u c e d   i n t o   t h e  

c o m p o n e n t   s i g n a l   m e a s u r e m e n t   by  e l e c t r i c a l   c i r c u i t s   i n v o l v e d  

in  b o t h   t he   g e n e r a t i o n   of  t he   eddy  c u r r e n t s   and  in  t h e  

d e t e c t i o n   of  t he   p h a s e   c o m p o n e n t   s i g n a l s   of  t h e  

c h a r a c t e r i s t i c   s i g n a l ,   and  c h a r a c t e r i z e d   in  t h a t   t he   d e v i c e  

c o m p r i s e s :  

d i g i t a l   memory  means   r e s p o n s i v e   to  m e m o r y  
a d d r e s s   s i g n a l s   fo r   g e n e r a t i n g   a  d i g i t a l  

r e f e r e n c e   p h a s e   s i g n a l ;   a n d  

a d d r e s s   g e n e r a t i n g   means   s y n c h r o n i z e d   to  t h e  

o u t p u t   of  s a i d   s t o r e d   d i g i t a l   d a t a   s i g n a l s   u s e d  

to  g e n e r a t e   t he   t r a n s m i t t e r   s i g n a l   f o r  

g e n e r a t i n g   t h e   memory  a d d r e s s   s i g n a l s   to  s a i d  

memory ,   and  w h e r e   t he   s t o r e d   d i g i t a l   d a t a   i n  

s a i d   memory  f o r   g e n e r a t i n g   t he   r e f e r e n c e   p h a s e  

s i g n a l   is  s t o r e d   r e l a t i v e   to  the   s t o r e d   d i g i t a l  

d a t a   fo r   g e n e r a t i n g   the   t r a n s m i t t e r   s i g n a l   s o  

t h a t   t he   g e n e r a t e d   r e f e r e n c e   p h a s e   s i g n a l   i s  

p h a s e   s h i f t e d   r e l a t i v e   to  t he   g e n e r a t e d   t r a n s -  

m i t t e r   s i g n a l   in  a  d i r e c t i o n   to  c o m p e n s a t e   f o r  

p h a s e   s h i f t   e r r o r s   i n t r o d u c e d   by  c i r c u i t s   i n  

the   t o o l .  



2.  The  d e v i c e   of  c l a i m   1  c h a r a c t e r i z e d   in  t h a t   s a i d  

d i g i t a l   memory  means   g e n e r a t e s   a  d i g i t a l   c l o c k   s i g n a l   a n d  

c o m p r i s e s   an  a u t o p h a s e   u n i t   r e s p o n s i v e   to  s a i d   d i g i t a l   c l o c k  

s i g n a l   fo r   g e n e r a t i n g   s a i d   d i g i t a l   r e f e r e n c e   p h a s e   s i g n a l ,  

s a i d   d e v i c e   f u r t h e r   c o m p r i s i n g :  

s e l e c t i n g   m e a n s   f o r   s e l e c t i n g   e i t h e r   t h e  

c h a r a c t e r i s t i c   s i g n a l   or  a  t e s t   s i g n a l  

r e p r e s e n t a t i v e   of  t h e   t r a n s m i t t e r   s i g n a l  

as  t h e   s i g n a l   to   be  a p p l i e d   to  s a i d   p h a s e  

s e n s i t i v e   d e t e c t o r ,   s a i d   s e l e c t i n g   m e a n s  

s e l e c t i n g   t h e   t e s t   s i g n a l   d u r i n g   an  a u t o p h a s e  

c y c l e ,   s a i d   a u t o p h a s e   u n i t   g e n e r a t i n g   a  

r e f e r e n c e   p h a s e   s i g n a l   t h a t   is   in  q u a d r a t u r e  

to  the   p h a s e   of  t h e   t r a n s m i t t e r   s i g n a l ;   a n d  

means   fo r   g e n e r a t i n g   a  f e e d b a c k   e r r o r   s i g n a l  

i n d i c a t i v e   of  t he   m a g n i t u d e   of  t he   d e t e c t e d  

c o m p o n e n t   s i g n a l   by  s a i d   p h a s e   s e n s t i v e  

d e t e c t o r ,   s a i d   a u t o p h a s e   u n i t   p h a s e   s h i f t i n g  

the   r e f e r e n c e   p h a s e   s i g n a l   in  a  d i r e c t i o n   t o  

m i n i m i z e   the   d e t e c t e d   c o m p o n e n t   s i g n a l   t h e r e b y  

p e r i o d i c a l l y   c o m p e n s a t i n g   fo r   v a r y i n g   p h a s e  

s h i f t   e r r o r s   i n t r o d u c e d   by  c i r c u i t s   i n v o l v e d  

in  o b t a i n i n g   t he   c o m p o n e n t   s i g n a l .  

3.  The  d e v i c e  o f   c l a i m   2  c h a r a c t e r i z e d   in  t h a t   s a i d  

a u t o p h a s e   u n i t   c o m p r i s e s :  

a  s u c c e s s i v e   a p p r o x i m a t i o n   r e g i s t e r  

r e s p o n s i v e   to  t he   f e e d b a c k   e r r o r   s i g n a l  

fo r   g e n e r a t i n g   a  d i g i t a l   s i g n a l   r e p r e s e n -  
t a t i v e   of  t h e   p h a s e   s h i f t   to  be  a p p l i e d   t o  

the   r e f e r e n c e   p h a s e   s i g n a l ;  



a  d i g i t a l - t o - a n a l o g   c o n v e r t e r   fo r   c o n v e r t i n g  

t h e   d i g i t a l   s i g n a l   to   a  c o n t r o l   v o l t a g e ;   a n d  

p h a s e   c o n t r o l   m e a n s   r e s p o n s i v e   to  t he   c o n t r o l  

v o l t a g e   f o r   p h a s e   s h i f t i n g   the   d i g i t a l   c l o c k  

s i g n a l   f rom  s a i d   memory  means   a c c o r d i n g   t o  

the   m a g n i t u d e  o f   t h e   c o n t r o l   v o l t a g e .  

4.  The  l o g g i n g   t o o l   of  c l a i m   3  c h a r a c t e r i z e d   i n  

t h a t   s a i d   p h a s e   c o n t r o l   means   c o m p r i s e s :  

s u m m i n g - f i l t e r i n g   means   f o r   g e n e r a t i n g   the   a n a l o g  

sum  of  t he   c o n t r o l   v o l t a g e   and  a  f i l t e r e d   d i g i t a l  

c l o c k   s i g n a l   t h e r e b y   to  o b t a i n   a  w a v e f o r m   h a v i n g  

t he   same  f r e q u e n c y   as  t he   d i g i t a l   c l o c k   s i g n a l  

and  whose   a v e r a g e   v a l u e   is   c o n t r o l l e d   by  t h e  

m a g n i t u d e   of  t he   c o n t r o l   v o l t a g e ;   a n d  

s q u a r i n g   means   r e s p o n s i v e   to  t h e   o u t p u t   f r o m  

s a i d   s u m m i n g - f i l t e r i n g   means   fo r   g e n e r a t i n g   a  

p h a s e   s h i f t e d   s q u a r e   wave  c l o c k   s i g n a l   fo r   u s e  

in  d e r i v i n g   a  p h a s e   s h i f t e d   r e f e r e n c e   p h a s e  

s i g n a l .  

5.  The  l o g g i n g   t o o l  o f   c l a i m s   3  or  4  c h a r a c t e r i z e d  

in  t h a t   s a i d   a u t o p h a s e   u n i t   f u r t h e r   i n c l u d e s   f i r s t   and  s e c o n d  

f l i p - f l o p s ,   b o t h   r e s p o n s i v e   to  t he   p h a s e   s h i f t e d   r e f e r e n c e  

p h a s e   s i g n a l ,   and  b o t h   i n t e r c o n n e c t e d   s u c h   t h a t   t he   o u t p u t  

s i g n a l   f rom  s a i d   f i r s t   f l i p - f l o p   may  be  s e l e c t i v e l y   p h a s e  

s h i f t e d   90  d e g r e e s   d u r i n g   an  a u t o p h a s e   c y c l e ,   s a i d   f i r s t   f l i p -  

f l o p   o u t p u t   s i g n a l   c o m p r i s i n g   the   r e f e r e n c e   p h a s e   s i g n a l .  

6.  The  d e v i c e   of  a n y  o n e   of  c l a i m s   1  to  5 ,  

c h a r a c t e r i z e d   in  t h a t   the   s t o r e d   d i g i t a l   d a t a   s i g n a l s   f o r  

d i g i t a l l y   g e n e r a t i n g   the   t r a n s m i t t e r   s i g n a l   is  s t o r e d   in  s a i d  



memory  so  t h a t   s a i d   a d d r e s s   g e n e r a t o r   c a u s e s   s a i d   m e m o r y  

means   to   s i m u l t a n e o u s l y   o u t p u t   b o t h   t h e   t r a n s m i t t e r   s i g n a l  

g e n e r a t i n g   d a t a   and  t h e   d i g i t a l   c l o c k   g e n e r a t i n g   d a t a .  

7.  In  a  d i g i t a l   i n d u c t i o n   l o g g i n g   t o o l   h a v i n g   a  

t r a n s m i t t e r   c o i l   w h i c h   r e s p o n d s   to  a  t r a n s m i t t e r   s i g n a l   t o  

i n d u c e   eddy  c u r r e n t s   to  f l o w   in  s u b s u r f a c e   f o r m a t i o n s   and   a  

r e c e i v e r   c o i l   w h i c h   g e n e r a t e s   a  f o r m a t i o n   c h a r a c t e r i s t i c  

s i g n a l   in  r e s p o n s e   to  t he   i n d u c e d   eddy   c u r r e n t s ,   t he   t o o l  

m e a s u r i n g   a t   l e a s t   one  c o m p o n e n t   of  t he   c h a r a c t e r i s t i c   s i g n a l  

in  a  p h a s e   s e n s i t i v e   d e t e c t o r ,   a  m e t h o d   of  c o m p e n s a t i n g   f o r  

p h a s e   s h i f t   e r r o r s   i n t r o d u c e d   i n t o   t he   c o m p o n e n t   s i g n a l  

m e a s u r e m e n t   by  e l e c t r i c a l   c i r c u i t s   c o m p r i s i n g   t he   s t e p s   o f  

g e n e r a t i n g   t he   t r a n s m i t t e r   s i g n a l ,   and  c h a r a c t e r i z e d  b y   t h e  

s t e p s   o f :  

g e n e r a t i n g   a  p h a s e   r e f e r e n c e   s i g n a l   h a v i n g   a  

p r e d e t e r m i n e d   p h a s e   r e l a t i o n s h i p   to  t h e  

t r a n s m i t t e r   s i g n a l ;  

a p p l y i n g   the   f o r m a t i o n   c h a r a c t e r i s t i c   s i g n a l  

and  the   p h a s e   r e f e r e n c e   s i g n a l   to  t he   p h a s e  

s e n s i t i v e   d e t e c t o r   to  d e t e c t   the   c o m p o n e n t   o f  

t h e   c h a r a c t e r i s t i c   s i g n a l   i n - p h a s e   w i t h   t h e  

p h a s e   r e f e r e n c e   s i g n a l ,   t he   p r e d e t e r m i n e d  

p h a s e   r e l a t i o n s h i p   of  t h e   p h a s e   r e f e r e n c e  

s i g n a l   to  t he   t r a n s m i t t e r   s i g n a l   c o m p e n s a t i n g  

f o r   p h a s e   s h i f t   e r r o r s ;   a n d  

p e r i o d i c a l l y   c o m p e n s a t i n g   fo r   o t h e r   p h a s e   s h i f t  

e r r o r s   b y :  

(a)  g e n e r a t i n g   a  t e s t   s i g n a l   r e p r e s e n t a t i v e   o f  

t h e   t r a n s m i t t e r   s i g n a l ,   , 

(b)  a p p l y i n g   t h e   t e s t   s i g n a l   to  t he   p h a s e  

s e n s i t i v e   d e t e c t o r ,  



(c)  a p p l y i n g   to  t he   p h a s e   s e n s i t i v e   d e t e c t o 0 0 6 7 7 - 6 7  

a  p h a s e   r e f e r e n c e   s i g n a l   t h a t   is   in  p h a s e  

q u a d r a t u r e   to  t he   t e s t   s i g n a l ,   the   o u t p u t  

from  the   p h a s e   s e n s i t i v e   d e t e c t o r   t h u s  

o b t a i n e d   r e p r e s e n t i n g   a  p h a s e   s h i f t   c o r -  

r e c t i o n   s i g n a l ,   a n d  

(d)  p h a s e   s h i f t i n g   the   p h a s e   r e f e r e n c e   s i g n a l  

in  a  d i r e c t i o n   to  r e d u c e   to  z e r o   the   p h a s e  

s h i f t   c o r r e c t i o n   s i g n a l   t h e r e b y   c o m p e n s a t i n g  

for   p h a s e   s h i f t   e r r o r s   i n t r o d u c e d   by  c i r c u i t s  

of  t he   t o o l .  

8.  The  me thod   of  c l a i m   7  c h a r a c t e r i z e d   in  t h a t   t h e  

s t e p   of  g e n e r a t i n g   the   t r a n s m i t t e r   s i g n a l   and  the   p h a s e  

r e f e r e n c e   s i g n a l   c o m p r i s e s   t he   s t e p s   o f :  

s t o r i n g   in  d i g i t a l   memory  l o c a t i o n s   d i g i t a l  

s i g n a l s   r e p r e s e n t a t i v e   of  a m p l i t u d e s   of  t h e  

t r a n s m i t t e r   s i g n a l ;   a n d  

s t o r i n g   p h a s e - r e f e r e n c e - s i g n a l - g e n e r a t i n g   s i g n a l s  

in  s a i d   d i g i t a l   memory  l o c a t i o n s   r e l a t i v e   to  t h e  

t r a n s m i t t e r - s i g n a l - g e n e r a t i n g - s i g n a l s   so  t h a t  -  

when  bo th   the   t r a n s m i t t e r - g e n e r a t i n g   s i g n a l s   a n d  

the   p h a s e - r e f e r e n c e - g e n e r a t i n g - s i g n a l s   a r e  

s i m u l t a n e o u s l y   r e a d   from  memory ,   t he   r e s u l t i n g  

p h a s e   r e f e r e n c e   s i g n a l   w i l l   have   the   p r e -  
d e t e r m i n e d   p h a s e   r e l a t i o n s h i p   to  t he   t r a n s m i t t e r  

s i g n a l .  

9.  The  me thod   of  c l a i m   8  c h a r a c t e r i z e d   in  t h a t   t h e  

s t e p   of  p e r i o d i c a l l y   c o m p e n s a t i n g   fo r   o t h e r   p h a s e   s h i f t  

e r r o r s   i n c l u d e s   the   s t e p s   o f :  



g e n e r a t i n g   t he   t e s t   s i g n a l   by  s e n s i n g   t h e  

c u r r e n t   in  t he   t r a n s m i t t e r   c o i l ;   a n d  

s e l e c t i n g   the   t e s t   s i g n a l   r a t h e r   t h a n   t h e  

f o r m a t i o n   c h r a c t e r i s t i c   s i g n a l   from  t h e .  

r e c e i v e r   c o i l   as  t h e   s i g n a l   r e p r e s e n t a t i v e  

of  the   f o r m a t i o n   c h r a c t e r i s t i c .  

10.  An  i n d u c t i o n   l o g g i n g   t o o l   a d a p t e d   f o r   o p e r a t i o n  

in  a  w e l l   b o r e h o l e   in  a s s o c i a t i o n   w i t h   s u r f a c e   e q u i p m e n t   f o r  

m e a s u r i n g   a  c h a r a c t e r i s t i c   of  s u b s u r f a c e   f o r m a t i o n s ,   the   t o o l  

i n c l u d i n g   a  t r a n s m i t t e r   c o i l   and  a  r e c e i v e r   c o i l   f o r  

g e n e r a t i n g   a  s i g n a l   c h a r a c t e r i s t i c   of  the   f o r m a t i o n s ,   t h e  

t o o l   c o m p r i s i n g :  

a  w a v e f o r m   g e n e r a t o r   f o r   g e n e r a t i n g   a  s i n u -  

s o i d a l   t r a n s m i t t e r   s i g n a l   h a v i n g   a  p r e d e t e r -  

mined   f r e q u e n c y ;  

a  r e f e r e n c e   s i g n a l   g e n e r a t o r   r e s p o n s i v e   t o  

s a i d   w a v e f o r m   g e n e r a t o r   fo r   g e n e r a t i n g   a 

r e f e r e n c e   p h a s e   s i g n a l ;   and  c h a r a c t e r i z e d   b y :  

one  p h a s e   s e n s i t i v e   d e t e c t o r   r e s p o n s i v e   t o  

the   r e f e r e n c e   p h a s e   s i g n a l   fo r   a l t e r n a t e l y  

g e n e r a t i n g   an  o u t p u t   s i g n a l   i n d i c a t i v e   f i r s t  

of  the   m a g n i t u d e   of   the   c o m p o n e n t   of  t h e  

c h a r a c t e r i s t i c   s i g n a l   t h a t   is  i n - p h a s e   w i t h  

the   t r a n s m i t t e r   s i g n a l   (R),   and  s e c o n d   o f  

t he   m a g n i t u d e   of  t h e   c o m p o n e n t   of  t h e  

c h a r a c t e r i s t i c   s i g n a l   in  q u a d r a t u r e   t h e r e t o   ( X ) .  

11.  The  t o o l   of  c l a i m   10  c h a r a c t e r i z e d   b y  

c o m p e n s a t i n g   means   fo r   c o m p e n s a t i n g   for   p h a s e   s h i f t   e r r o r s  



i n t r o d u c e d   by  c i r c u i t s   of  the   t o o l   in  o b t a i n i n g   the   p h a s e  

q u a d r a t u r e   c o m p o n e n t s   of  t he   c h a r a c t e r i s t i c   s i g n a l   c o m p r i s i n g :  

means   f o r   d e r i v i n g   a  t e s t   s i g n a l   f rom  t h e  

t r a n s m i t t e r   s i g n a l   as  the   c h a r a c t e r i s t i c   s i g n a l  

a p p l i e d   to  s a i d   p h a s e   s e n s i t i v e   d e t e c t o r ,  

means   f o r   g e n e r a t i n g  a   f e e d b a c k   e r r o r   s i g n a l   t o  

s a i d   r e f e r e n c e   s i g n a l   g e n e r a t o r   i n d i c a t i v e   of  t h e  

m a g n i t u d e   of  the   c o m p o n e n t   o u t p u t   s i g n a l   f r o m  

s a i d  p h a s e   s e n s i t i v e   d e t e c t o r ,   the   p h a s e  

d i f f e r e n c e   b e t w e e n   the   p h a s e   of  the   r e f e r e n c e  

p h a s e   s i g n a l   and  the   t r a n s m i t t e r   s i g n a l   b e i n g  
9 0 ° ,   a n d  

means   fo r   p h a s e   s h i f t i n g   the   r e f e r e n c e   p h a s e  

s i g n a l   in  a  d i r e c t i o n   to  r e d u c e   the   o u t p u t   f r o m  

s a i d   p h a s e   s e n s i t i v e   d e t e c t o r .  

12.  The  t o o l   of  c l a i m   10  or  11  c h a r a c t e r i z e d   by  a n  

a n a l o g - t o - d i g i t a l   c o n v e r t e r   fo r   o b t a i n i n g   d i g i t a l   s i g n a l s  

r e p r e s e n t a t i v e   of  t he   o u t p u t   of  s a i d   p h a s e   s e n s i t i v e  

d e t e c t o r ,   and  means   fo r   t r a n s m i t t i n g   the   d i g i t a l   s i g n a l s   t o _  

the  s u r f a c e   e q u i p m e n t   as  the   o u t p u t   of  the   t o o l .  

13.  In  an  i n d u c t i o n   l o g g i n g   t o o l   which   o b t a i n s   p h a s e  

q u a d r a t u r e   c o m p o n e n t s   in  a  r e c e i v e r   s i g n a l   i n d i c a t i v e   of  a  

c h a r a c t e r i s t i c   of  t he   s u b s u r f a c e   f o r m a t i o n s ,   t he   t o o l  

i n c l u d i n g   a  t r a n s m i t t e r   c o i l   r e s p o n s i v e   to  a  s i n u s o i d a l  

t r a n s m i t t e r   s i g n a l   fo r   i n d u c i n g   a  m a g n e t i c   f i e l d   i n t o   t h e  

s u b s u r f a c e   f o r m a t i o n s   and  a  r e c e i v e r   c o i l   for   g e n e r a t i n g   t h e  

r e c e i v e r   s i g n a l   i n d u c e d   from  c u r r e n t s   f l o w i n g   in  t h e  

f o r m a t i o n s   as  a  r e s u l t   of  the   m a g n e t i c   f i e l d ,   a  m e t h o d   o f  



m e a s u r i n g   t h e   p h a s e   q u a d r a t u r e   c o m p o n e n t s   c o m p r i s i n g   t h e  

s t e p s   o f :  

g e n e r a t i n g   the   s i n u s o i d a l   t r a n s m i t t e r   s i g n a l ;  

g e n e r a t i n g   a  p h a s e   r e f e r e n c e   s i g n a l   h a v i n g   a 

f r e q u e n c y   which   a l t e r n a t e l y   c h a n g e s   from  a 

f i r s t   to  a  s e c o n d   p h a s e   r e l a t i o n s h i p   w i t h  

t he   t r a n s m i t t e r   s i g n a l ,   and  w h e r e   t he   f i r s t  

and  s e c o n d   p h a s e   r e f e r e n c e   s i g n a l s   r e s p e c -  

t i v e l y   h a v i n g   the   f i r s t   and  s e c o n d   p h a s e  

r e l a t i o n s h i p s   a re   p r e c i s e l y   n i n e t y   d e g r e e s  

ou t   of  p h a s e   w i t h   one  a n o t h e r ;  

d e t e c t i n g   the  c o m p o n e n t   s i g n a l s   of  the   r e c e i v e r  

s i g n a l   t h a t   is  in  p h a s e   w i t h   e a c h   p h a s e   of  t h e  

p h a s e   r e f e r e n c e   s i g n a l ;   and  c h a r a c t e r i z e d   in  t h a t  

t he   d e t e c t i n g   s t e p   c o m p r i s e s :  

a p p l y i n g   the  r e c e i v e r   s i g n a l   and  the   p h a s e  

r e f e r e n c e   s i g n a l   to  one  p h a s e   s e n s t i t i v e  

d e t e c t o r ,   t h e r e b y   e n a b l i n g   p h a s e   q u a d r a t u r e   - 

c o m p o n e n t s   of  the   r e c e i v e r   s i g n a l   to  b e  

p r e c i s e l y   o b t a i n e d   by  a  s i n g l e   p h a s e   s e n s i t i v e  

d e t e c t o r .  

14.  The  me thod   of  c l a i m   13,  c h a r a c t e r i z e d   in  t h a t  

d e t e c t i o n   of  e a c h   of  the  q u a d r a t u r e   c o m p o n e n t s   of  t h e  

r e c e i v e r   s i g n a l   is  done  s e q u e n t i a l l y   in  s a i d   p h a s e   s e n s i t i v e  

d e t e c t o r .  

15.  In  an  i n d u c t i o n   l o g g i n g   t o o l   f o r   m e a s u r i n g   a 

f o r m a t i o n   s i g n a l   i n d i c a t i v e   of  a  c h a r a c t e r i s t i c   of  s u b s u r f a c e  

f o r m a t i o n s   t r a v e r s e d   by  a  b o r e h o l e ,   t h e - t o o l   i n c l u d i n g   a  



t r a n s m i t t e r   c o i l   r e s p o n s i v e   to  a  t r a n s m i t t e r   s i g n a l   f o r  

i n d u c i n g   f o r m a t i o n   c u r r e n t s   to  f l o w ,   and  a  r e c e i v e r   c o i l  

s y s t e m   fo r   g e n e r a t i n g   f o r m a t i o n   s i g n a l s   as  a  r e s u l t   of  t h e  

f o r m a t i o n   c u r r e n t s ,   a  m e t h o d   of  a u t o m a t i c a l l y   l i n e a r i z i n g   t h e  

o v e r a l l   t r a n s f e r   f u n c t i o n   fo r   t he   t o o l   d u r i n g   n o r m a l   l o g g i n g  

o p e r a t i o n s   c h a r a c t e r i z e d   by  the   s t e p s   o f :  

(a)  g e n e r a t i n g   from  the   t r a n s m i t t e r   s i g n a l   a  

p l u r a l i t y   of  t e s t   c a l i b r a t i o n   s i g n a l s   o f  

d i f f e r i n g   a m p l i t u d e s   w h i c h   v a r y   ove r   t h e  

r a n g e   of  e x p e c t e d   f o r m a t i o n   r e s p o n s e  

s i g n a l s ,   the   c a l i b r a t i o n   s i g n a l s   h a v i n g  

p r e d e t e r m i n e d   p r e c i s e   r a t i o s   t h e r e b e t w e e n ;  

(b)  p e r i o d i c a l l y   m e a s u r i n g   t he   t o o l   o u t p u t  

r e s p o n s e   to  s e l e c t e d   o n e s   of  the   t e s t  

c a l i b r a t i o n   s i g n a l s   in  p l a c e   of  the   n o r m a l  

f o r m a t i o n   s i g n a l s ;  

(c)  d e t e r m i n i n g   a  l i n e a r i z a t i o n   c o r r e c t i o n   f u n c t i o n  

b a s e d   on  the  t o o l   o u t p u t   r e s p o n s e s   to  t h e  

t e s t   c a l i b r a t i o n   s i g n a l s ;  

(d)  a p p l y i n g   the   l i n e a r i z a t i o n   c o r r e c t i o n   f u n c t i o n  

to  s u b s e q u e n t l y   o b t a i n e d   t o o l   r e s p o n s e s   t o  

f o r m a t i o n   s i g n a l s   as  t he   t o o l   t r a n s f e r   f u n c t i o n  

for   t h o s e   m e a s u r e m e n t s ;   a n d  

p e r i o d i c a l l y   r e p e a t i n g   s t e p s   (b)  to  ( d )  

t h e r e b y   to  o b t a i n ,   a  l i n e a r   o v e r a l l   t o o l   t r a n s f e r  

f u n c t i o n   fo r   a l l   f o r m a t i o n   s i g n a l   m e a s u r e m e n t s  

made  d u r i n g   n o r m a l   l o g g i n g   o p e r a t i o n s .  



16.  The  m e t h o d   of  c l a i m   15  c h a r a c t e r i z e d   in  t h a t   t h e  

s t e p   of  g e n e r a t i n g   t he   t e s t   c a l i b r a t i o n   s i g n a l s   c o m p r i s e s   t h e  

s t e p s   o f :  

g e n e r a t i n g   a  s i n g l e   r e f e r e n c e   t e s t   s i g n a l ;   a n d  

d e r i v i n g   the   p l u r a l i t y ' o f   t e s t   c a l i b r a t i o n  

s i g n a l s   in  an  e l e c t r i c a l   c i r c u i t   r e l a t i v e l y  

i n s e n s i t i v e   to  t e m p e r a t u r e   v a r i a t i o n s   t h e r e b y  

o b t a i n i n g   t e s t   c a l i b r a t i o n   s i g n a l s   w h i c h  

m a i n t a i n   p r e c i s e   a m p l i t u d e   r a t i o s   t h e r e b e t w e e n  

w i t h   v a r i a t i o n s   in  t e m p e r a t u r e .  

17.  The  m e t h o d   of  c l a i m s   15  or  16  c h a r a c t e r i z e d   i n  

t h a t   the   s t e p   of  m e a s u r i n g   the   t o o l   o u t p u t   r e s p o n s e   t o  

s e l e c t e d   ones   of  t he   t e s t   c a l i b r a t i o n   s i g n a l s   i n c l u d e s   t h e  

s t e p s   o f :  

(a)  s e l e c t i n g   the   n e x t   t e s t   c a l i b r a t i o n   s i g n a l  

in  a  p r e d e t e r m i n e d   s e q u e n c e   from  among  t h e  

p l u r a l i t y   of  t e s t   c a l i b r a t i o n   s i g n a l s   a s  

the   s i g n a l   to  be  a p p l i e d   to  the   m e a s u r e m e n t  

c i r c u i t s   as  the  n o r m a l   f o r m a t i o n   s i g n a l ;  

(b)  m e a s u r i n g   the  t o o l   o u t p u t   r e s p o n s e   to  t h e  

s e l e c t e d   t e s t   c a l i b r a t i o n   s i g n a l   d u r i n g   a 

m e a s u r e m e n t   t i m e ;  

(c)  m e a s u r i n g   the  t o o l   o u t p u t   r e s p o n s e   to  t h e  

n o r m a l   f o r m a t i o n   s i g n a l   d u r i n g   a  s u b s e q u e n t  

m e a s u r e m e n t   t i m e ;  

(d)  r e p e a t i n g   s t e p   (c)  fo r   a  p r e d e t e r m i n e d  

number   of  t i m e s ;   a n d  



(e)  r e p e a t i n g   s t e p s   ( a ) - ( d )   d u r i n g   n o r m a l  

l o g g i n g   o p e r a t i o n s .  

18.  The  method   of  c l a i m   15,  16  or  17  c h a r a c t e r i z e d  

in  t h a t   the   s t e p  o f   d e t e r m i n i n g   the   l i n e a r i z a t i o n   f u n c t i o n  

c o m p r i s e s   t he   s t e p s   o f :  

o b t a i n i n g   an  e x p r e s s i o n   for   the  t r a n s f e r  

f u n c t i o n   of  t he   t o o l   from  m o d e l s   of  t h e  

v a r i o u s   c i r c u i t s   of  the   t o o l ,   the   e x p r e s s i o n  

c o n t a i n i n g   n u m e r i c a l   c o e f f i c i e n t s ;   a n d  

r e c a l c u l a t i n g   t he   v a l u e s   of  t he   n u m e r i c a l  

c o e f f i c i e n t s   f rom  the   t o o l   o u t p u t   r e s p o n s e s  

to  the  c a l i b r a t i o n   t e s t   s i g n a l s   by  f i t t i n g   t h e  

t r a n s f e r   f u n c t i o n   e x p r e s s i o n   to  the   m e a s u r e d  

c a l i b r a t i o n   p o i n t s ,   t he   r e c a l c u l a t e d   n u m e r i c a l  

c o e f f i c i e n t s   y i e l d i n g   a  new  l i n e a r i z a t i o n  

f u n c t i o n   fo r   the   t r a n s f e r   f u n c t i o n   of  the   t o o l .  

19.  The  method  of  c l a i m   15,  16,  17  or  18  

c h a r a c t e r i z e d   in  t h a t   the   s t e p s   of  p e r i o d i c a l l y   m e a s u r i n g   t h e  

o u t p u t   r e s p o n s e   to  a  s e l e c t e d   t e s t   c a l i b r a t i o n   s i g n a l   a n d  .  

d e t e r m i n i n g   a  new  l i n e a r i z a t i o n   f u n c t i o n   b a s e d   on  t h o s e  

r e s p o n s e s   a re   p e r f o r m e d   a t   r a t e s   i n d e p e n d e n t   of  one  a n o t h e r ,  

and  whe re   the  s t e p   of  d e t e r m i n i n g   a  new  l i n e a r i z a t i o n  

f u n c t i o n   is  p e r f o r m e d   a t   i n t e r v a l s   d e t e r m i n e d   from  p r e d i c t e d  

c h a n g e s   in  the  t r a n s f e r   f u n c t i o n   as  a  f u n c t i o n   of  c h a n g e s   i n  

the   o p e r a t i n g   t e m p e r a t u r e   e n v i r o n m e n t   of  the   t o o l .  

20.  An  i n d u c t i o n   l o g g i n g   s y s t e m   fo r   m e a s u r i n g   a 

c h a r a c t e r i s t i c   of  the  e a r t h ' s   s u b s u r f a c e   f o r m a t i o n s   by  

c a u s i n g   f o r m a t i o n   c u r r e n t s   to  f l ow  in  r e s p o n s e   to  a  

t r a n s m i t t e r   s i g n a l   of  a  p r e d e t e r m i n e d   f r e q u e n c y   and  by  

m e a s u r i n g   a  r e c e i v e r   s i g n a l   g e n e r a t e d   in  r e s p o n s e   to  t h o s e  

f o r m a t i o n   c u r r e n t s ,   the  s y s t e m   c o m p r i s i n g   an  i n d u c t i o n  



l o g g i n g   t o o l   s u s p e n d e d   in  t h e   w e l l   b o r e h o l e   by  a  w i r e l i n e  

c a b l e   fo r   m e a s u r i n g   p h a s e   q u a d r a t u r e   c o m p o n e n t s   of  t h e  

r e c e i v e r   s i g n a l   a t   v a r i o u s   d e p t h   p o i n t s   a l o n g   t he   b o r e h o l e ,  

and  c h a r a c t e r i z e d   in  t h a t   s a i d   t o o l   c o m p r i s e s :  

s i g n a l   means   f o r   g e n e r a t i n g   and  p e r i o d i c a l l y  

a p p l y i n g   t e s t   c a l i b r a t i o n   s i g n a l s   in  a  

p r e d e t e r m i n e d   s e q u e n c e   in  p l a c e   of  t he   n o r m a l  

r e c e i v e r   s i g n a l ;   a n d  

a  s u r f a c e   l o c a t e d   c e n t r a l   p r o c e s s i n g   u n i t   (CPU) 

c o u p l e d   to  s a i d   t o o l   to  p r o d u c e   a  s i g n a l   r e p -  
r e s e n t a t i v e   of  a  c h a r a c t e r i s t i c   d a t a   of  t h e  

s u b - s u r f a c e   f o r m a t i o n s   from  the  m e a s u r e d  

q u a d r a t u r e   c o m p o n e n t   s i g n a l s ,   s a i d   CPU  i n c l u d i n g  

means   fo r   p e r i o d i c a l l y   o b t a i n i n g   a  r e c o m p u t e d  

l i n e a r i z a t i o n   f u n c t i o n   for   the   t o o l   from  t h e  

r e s p o n s e   s i g n a l s   to  t he   t e s t   c a l i b r a t i o n   s i g n a l s  

by  f i t t i n g   a  p r e d e t e r m i n e d   l i n e a r i z a t i o n   f u n c t i o n  

to  t h e s e   r e s p o n s e   s i g n a l s ,   and  means   fo r   a p p l y i n g  

the  r e c o m p u t e d   l i n e a r i z a t i o n   f u n c t i o n   b e i n g   u s e d  

as  the  t r a n s f e r   f u n c t i o n   of  the   t o o l   to  t h e  

s u b s e q u e n t l y   o b t a i n e d   o u t p u t   r e s p o n s e s   to  t h e  

n o r m a l   r e c e i v e r   s i g n a l .  

21.  The  s y s t e m   of  c l a i m   20  w h e r e i n   s a i d   t o o l  

c o m p r i s e s :  

a  t r a n s m i t t e r   c o i l   r e s p o n s i v e   to  a  s i n u s o i d a l  

t r a n s m i t t e r   s i g n a l   fo r   i n d u c i n g   a  m a g n e t i c  

f i e l d   i n t o   the   s u b s u r f a c e   f o r m a t i o n s ;  

a  r e c e i v e r   c o i l   f o r   g e n e r a t i n g   a  r e c e i v e r   s i g n a l  

i n d i c a t i v e   of  a  c h a r a c t e r i s t i c   of  t he   f o r m a t i o n s ;  



a  c o n t r o l l e r   r e s p o n s i v e   to  commands  and  c o n t r o l  

s i g n a l s   from  s a i d   CPU  fo r   c o n t r o l l i n g   t h e  

i n t e r n a l   t i m i n g   and  f u n c t i o n a l   o p e r a t i o n s   of  t h e  

t o o l ;  

a  w a v e f o r m   g e n e r a t o r   r e s p o n s i v e   to  s a i d  

c o n t r o l l e r   fo r   g e n e r a t i n g   the   s i n u s o i d a l   t r a n s -  

m i t t e r   s i g n a l   to  s a i d   t r a n s m i t t e r   c o i l ;  

p h a s e   s e n s i n g   means   r e s p o n s i v e   to  the  r e c e i v e r  

s i g n a l   fo r   d e t e c t i n g   the   p h a s e   q u a d r a t u r e  

c o m p o n e n t s   in  the   r e c e i v e r   s i g n a l ;   a n d  

c h a r a c t e r i z e d   in  t h a t :  

s a i d   s i g n a l   means  g e n e r a t e s   in  r e s p o n s e   t o  

t he   t r a n s m i t t e r   s i g n a l   a  p l u r a l i t y   of  t e s t  

c a l i b r a t i o n   s i g n a l s   of  d i f f e r i n g   a m p l i t u d e s  

w h i c h   v a r y   ove r   t he   r a n g e   of  e x p e c t e d   f o r m a t i o n  

r e s p o n s e   s i g n a l s ,   the   c a l i b r a t i o n   s i g n a l s   h a v i n g  

p r e d e t e r m i n e d   p r e c i s e   r a t i o s   t h e r e b e t w e e n ,   a n d  

w h e r e   the  a m p l i t u d e   of  e a c h   v a r i e s   p r o p o r t i o n a l l y  

t he   same  in  r e s p o n s e   to  t e m p e r a t u r e   c h a n g e s ;  

s a i d   s i g n a l   means  b e i n g   r e s p o n s i v e   to  s a i d  

c o n t r o l l e r   fo r   s e l e c t i n g   and  a p p l y i n g   one  of  t h e  

p l u r a l i t y   of  t e s t   c a l i b r a t i o n   s i g n a l s   to  s a i d  

p h a s e   s e n s i n g   means   in  p l a c e   of  the   r e c e i v e r  

s i g n a l .  

22.  The  s y s t e m   of  c l a i m   20  or  21  c h a r a c t e r i z e d   i n  

t h a t   s a i d   s i g n a l   means  c o m p r i s e s :  

a  f i r s t   t r a n s f o r m e r   r e s p o n s i v e   to  the   c u r r e n t  

f l o w i n g   in  s a i d   t r a n s m i t t e r   c o i l   for   g e n e r a t i n g  

a  r e f e r e n c e   t e s t   s i g n a l ;   a n d  



a  s e c o n d   t r a n s f o r m e r   r e s p o n s i v e   to  the   r e f e r e n c e  

t e s t   s i g n a l ,   s a i d   s e c o n d   t r a n s f o r m e r   h a v i n g   a  

p l u r a l i t y   of  t ap   o u t p u t s ,   e a c h   t a p   o u t p u t  

p r o v i d i n g   one  of  the   t e s t   c a l i b r a t i o n   s i g n a l s .  

23.  The  s y s t e m   of  c l a i m   22  c h a r a c t e r i z e d   by  m e a n s  

fo r   s e l e c t i n g   and  a p p l y i n g   a  t e s t   c a l i b r a t i o n   s i g n a l   to  s a i d  

p h a s e   s e n s i n g   means   c o m p r i s e s :  

a  f i r s t   c o n t r o l l a b l e   s w i t c h   f o r   s e l e c t i n g   o n e  

of  t he   t e s t   c a l i b r a t i o n   s i g n a l s ;   a n d  

a  s e c o n d   c o n t r o l l a b l e   s w i t c h   fo r   s e l e c t i n g  

e i t h e r   the   r e c e i v e r   s i g n a l   or  t he   o u t p u t   f r o m  

s a i d   f i r s t   s w i t c h   as  the   s i g n a l   a p p l i e d   t o  

s a i d   p h a s e   s e n s i n g   m e a n s .  

24.  The  s y s t e m   of  c l a i m   20,  21,  22  or  23  

c h a r a c t e r i z e d   by  an  a n a l o g - t o - d i g i t a l   c o n v e r t e r   f o r  

c o n v e r t i n g   the   m e a s u r e d   p h a s e   q u a d r a t u r e   c o m p o n e n t s   i n t o  

d i g i t a l   s i g n a l s   f o r   p r o c e s s i n g   by  s a i d   CPU.  

25.  An  i n d u c t i o n   l o g g i n g   s y s t e m   fo r   m e a s u r i n g   a 

c h a r a c t e r i s t i c   of  the   e a r t h ' s   s u b s u r f a c e   f o r m a t i o n s   b y  

c a u s i n g   f o r m a t i o n   c u r r e n t   to  f low  in  r e s p o n s e   to  a 

t r a n s m i t t e r   s i g n a l   of  one  or  more  p r e d e t e r m i n e d   f r e q u e n c i e s  

s e l e c t e d   from  among  a  p l u r a l i t y   of  t r a n s m i t t e r   f r e q u e n c i e s  

and  by  m e a s u r i n g   a  r e c e i v e r   s i g n a l   g e n e r a t e d   in  r e s p o n s e   t o  

t h o s e   f o r m a t i o n   c u r r e n t s ,   the  s y s t e m   c h a r a c t e r i z e d   b y :  

an  i n d u c t i o n   l o g g i n g   t o o l   s u s p e n d e d   in  t h e  

w e l l   b o r e h o l e   by  a  w i r e l i n e   c a b l e   a n d  

r e s p o n s i v e   to  f r e q u e n c y   s e l e c t   s i g n a l s   f o r  

g e n e r a t i n g   d i g i t a l   s a m p l e s   of  c o m p o n e n t s   o f  

the   r e c e i v e r   s i g n a l   r e c e i v e d   a t   v a r i o u s  

d e p t h s   a l o n g   the  b o r e h o l e ,   s a i d   s y s t e m   a d o p t e d  



fo r   s e l e c t i o n   from  among  the  p l u r a l i t y   o f  

t r a n s m i t t e r   f r e q u e n c i e s   the  t r a n s m i t t e r  

f r e q u e n c y   w h i c h   g i v e s   the   most   a c c u r a t e  

m e a s u r e m e n t   of  the   f o r m a t i o n   c h a r a c t e r i s t i c  

of  a l l   t h e   p l u r a l i t y   of  f r e q u e n c i e s ;  

a  s u r f a c e   l o c a t e d   c e n t r a l   p r o c e s s i n g   u n i t   (CPU) 

fo r   g e n e r a t i n g   a  s i g n a l   r e p r e s e n t a t i v e   of  a 

f o r m a t i o n   c h a r a c t e r i s t i c   in  r e s p o n s e   to  t h e  

d i g i t a l   s i g n a l s   r e p r e s e n t a t i v e   of  t h e   r e c e i v e r  

s i g n a l ,   s a i d   CPU  s e n d i n g   command  s i g n a l s   to  s a i d  

t o o l   to  s p e c i f y   the   t r a n s m i t t e r   f r e q u e n c y   a n d  

to  s p e c i f y   p a r a m e t e r s   for   o b t a i n i n g   the   d i g i t a l  

s i g n a l s ;   a n d  

a  d i g i t a l   t e l e m e t r y   means  a s s o c i a t e d   w i t h   t h e  

w i r e l i n e   c a b l e   for   s e n d i n g   and  r e c e i v i n g   d i g i t a l  

d a t a   b e t w e e n   s a i d   CPU  and  s a i d   t o o l .  

26.  A  d i g i t a l   i n d u c t i o n   r e s i s t i v i t y   l o g g i n g   s y s t e m  

for   m e a s u r i n g   p h a s e   q u a d r a t u r e   c o m p o n e n t s   (R,  X)  in  a  

r e c e i v e r   s i g n a l   i n d i c a t i v e   of  the   r e s i s t i v i t y   of  t h e  

s u b s u r f a c e   f o r m a t i o n s ,   s a i d   s y s t e m   c o m p r i s i n g   a  t o o l  

i n c l u d i n g   a  t r a n s m i t t e r   c o i l   r e s p o n s i v e   to  a  t r a n s m i t t e r  

s i g n a l   for   i n d u c i n g   a  m a g n e t i c   f i e l d   i n t o   t he   f o r m a t i o n ,   a n d  

a  r e c e i v e r   c o i l   for   g e n e r a t i n g   a  r e c e i v e r   s i g n a l   i n d u c e d   by  

c u r r e n t s   f l o w i n g   in  t he   f o r m a t i o n   as  a  r e s u l t   of  the   m a g n e t i c  

f i e l d ,   c h a r a c t e r i z e d   b y :  

a  w a v e f o r m   g e n e r a t o r   for   g e n e r a t i n g   t h e  

s i n u s o i d a l   t r a n s m i t t e r   s i g n a l   to  t he   t r a n s -  

m i t t e r   c o i l ,   and  for   g e n e r a t i n g   a  r e f e r e n c e  

c l o c k   s i g n a l ;  



an  a u t o p h a s e   u n i t   r e s p o n s i v e   to  t he   r e f e r e n c e  

c l o c k   s i g n a l   fo r   g e n e r a t i n g   f i r s t   and  s e c o n d  

p h a s e   r e f e r e n c e   s i g n a l s   h a v i n g   i d e n t i c a l   f r e -  

q u e n c i e s ,   and  where   the  f i r s t   and  s e c o n d  

p h a s e   r e f e r e n c e   s i g n a l s   r e s p e c t i v e l y   h a v e  

f i r s t   and  s e c o n d   p h a s e   r e l a t i o n s h i p s  

o r t h o g o n a l   one  to  a n o t h e r   s a i d   a u t o p h a s e  

u n i t   i n c l u d i n g   means  fo r   c o r r e c t i n g   s t a t i c  

and  d y n a m i c   p h a s e   e r r o r s ;  

a  p h a s e   s e n s i n g   means  r e s p o n s i v e   to  t h e  

r e c e i v e r   s i g n a l   and  the  f i r s t   and  s e c o n d  

p h a s e   r e f e r e n c e   s i g n a l s   fo r   s u c c e s s i v e l y  

g e n e r a t i n g   w i t h   a  s i n g l e   p h a s e   d e t e c t o r   t h e  

p h a s e   q u a d r a t u r e   c o m p o n e n t   s i g n a l s   of  t h e  

r e c e i v e r   s i g n a l   where   s u c c e s s i v e   d e t e c t e d  

c o m p o n e n t   s i g n a l s   a r e ,   f i r s t ,   t h a t   c o m p o n e n t  

s i g n a l   i n - p h a s e   w i t h   the   f i r s t   p h a s e  

r e f e r e n c e   s i g n a l   and,   s e c o n d ,   t h a t   c o m p o n e n t  

s i g n a l   i n - p h a s e   w i t h   the   s e c o n d   p h a s e  

r e f e r e n c e   s i g n a l ;   a n d  

means  for   a u t o m a t i c a l l y   l i n e a r i z i n g   t h e  

o v e r a l l   t r a n s f e r   f u n c t i o n   for   t he   t o o l  

d u r i n g   n o r m a l   l o g g i n g   o p e r a t i o n s   a n d  

i n c l u d i n g   s i g n a l   means  fo r   d e t e r m i n i n g   a 

l i n e a r i z a t i o n   c o r r e c t i o n   f u n c t i o n   b a s e d   on  t e s t  

c a l i b r a t i o n   s i g n a l s   t a k e n   p e r i o d i c a l l y ,   a n d  

means  for   a p p l y i n g   s a i d   f u n c t i o n   t o  

s u b s e q u e n t l y   o b t a i n e d   s i g n a l s   f rom  t h e  

r e c e i v e r   c o i l .  

27.  The  l o g g i n g   t o o l   of  c l a i m   26  c h a r a c t e r i z e d   i n  

t h a t   s a i d   means  for   c o r r e c t i n g   d y n a m i c   p h a s e   e r r o r s   c o m p r i s e s :  



means   for   s e l e c t i n g   e i t h e r   the   r e c e i v e r  

s i g n a l   or  a  t e s t   s i g n a l   r e p r e s e n t a t i v e   o f  

the   t r a n s m i t t e r   s i g n a l   as  t he   s i g n a l   f o r  

a p p l i c a t i o n   to  s a i d   p h a s e   s e n s i n g  m e a n s ,  

s a i d   s e l e c t i n g   means  s e l e c t i n g   the   t e s t  

s i g n a l   d u r i n g   a  p h a s e   c o m p e n s a t i o n   c y c l e ;  

means   for   a p p l y i n g   from  s a i d   p h a s e   s e n s i n g  

means   to  s a i d   a u t o p h a s e   u n i t   d u r i n g   a 

p h a s e   c o m p e n s a t i o n   c y c l e   a  p h a s e   e r r o r  

s i g n a l   i n d i c a t i v e   of  the   m a g n i t u d e   of  t h e  

d e t e c t e d   c o m p o n e n t   s i g n a l   o u t p u t   by  s a i d  

p h a s e   s e n s i n g   means  in  r e s p o n s e   to  the   t e s t  

s i g n a l ;   a n d  

means   in  s a i d   a u t o p h a s e   u n i t   r e s p o n s i v e  

to  the  p h a s e   e r r o r   s i g n a l   fo r   p h a s e  

s h i f t i n g   the   f i r s t   and  s e c o n d   p h a s e  

r e f e r e n c e   s i g n a l s   in  a  d i r e c t i o n   to  r e d u c e  

t he   o u t p u t   s i g n a l   from  s a i d   p h a s e   s e n s i n g  

m e a n s ,   the   p h a s e   r e f e r e n c e   s i g n a l   g e n e r a t e d  

d u r i n g   a  p h a s e   c o m p e n s a t i o n   c y c l e   b e i n g   i n  

p h a s e   q u a d r a t u r e   w i t h   t he   s e l e c t e d   t e s t  

s i g n a l   from  s a i d   s e l e c t i n g   m e a n s .  

28.  The  l o g g i n g   t o o l   of  c l a i m   27  c h a r a c t e r i z e d   i n  

t h a t   s a i d   p h a s e   s h i f t i n g   means  c o m p r i s e s :  

a  s u c c e s s i v e - a p p r o x i m a t i o n   r e g i s t e r   r e s p o n -  
s i v e   to  the   p h a s e   e r r o r   s i g n a l   fo r   g e n e r a t i n g  

a  d i g i t a l   s i g n a l   r e p r e s e n t a t i v e   of  the  p h a s e  

s h i f t   to  be  a p p l i e d   to  the   p h a s e   r e f e r e n c e  

s i g n a l ;  

a  d i g i t a l - t o - a n a l o g   c o n v e r t e r   fo r   c o n v e r t i n g  

the   d i g i t a l   s i g n a l   to  a  c o n t r o l   v o l t a g e ;   a n d  



a  p h a s e   c o n t r o l   means   r e s p o n s i v e   to  t h e  

c o n t r o l   v o l t a g e   f o r   p h a s e   s h i f t i n g   t h e  

r e f e r e n c e   c l o c k   s i g n a l   a c c o r d i n g   to  t h e  

m a g n i t u d e   of  t he   c o n t r o l   v o l t a g e .  

29.  The  l o g g i n g   t o o l   of  c l a i m   28  c h a r a c t e r i z e d   i n  

t h a t   s a i d   p h a s e   c o n t r o l   means   c o m p r i s e s :  

a  s u m m i n g - f i l t e r i n g   means   fo r   g e n e r a t i n g  

the   a n a l o g   sum  of  t he   c o n t r o l   v o l t a g e  

and  a  f i l t e r e d   r e f e r e n c e   c l o c k   s i g n a l  

t h e r e b y   to  o b t a i n   a  w a v e f o r m   h a v i n g   t h e  

same  f r e q u e n c y   as  t h e   r e f e r e n c e   c l o c k  

s i g n a l   and  whose   a v e r a g e   v a l u e   is  c o n t r o l l e d  

by  the  m a g n i t u d e   of  t h e   c o n t r o l   v o l t a g e ;   a n d  

a  s q u a r i n g   means   r e s p o n s i v e   to  the   o u t p u t  

from  s a i d   s u m m i n g - f i l t e r i n g   means  f o r  

g e n e r a t i n g   a  p h a s e   s h i f t e d   s q u a r e   wave  c l o c k  

s i g n a l   for   use  in  d e r i v i n g   the   p h a s e   s h i f t e d  

p h a s e   r e f e r e n c e   s i g n a l .  

30.  The  l o g g i n g   t o o l   of  c l a i m   26,  27,  28  or  29  

c h a r a c t e r i z e d   in  t h a t   s a i d   a u t o p h a s e   u n i t   f u r t h e r   i n c l u d e s  

f i r s t   and  s e c o n d   f l i p - f l o p s   b o t h   r e s p o n s i v e   to  the   p h a s e  

s h i f t e d   p h a s e   r e f e r e n c e   s i g n a l   and  s a i d   c o n t r o l l e r ,   and  b o t h  

i n t e r c o n n e c t e d   such  t h a t   the   o u t p u t   s i g n a l   from  s a i d   f i r s t  

f l i p - f l o p   is  p h a s e   s h i f t e d   from  a  f i r s t   p h a s e   r e l a t i o n s h i p   t o  

t he   t r a n s m i t t e r   s i g n a l   to  t he   s e c o n d   p h a s e   r e l a t i o n s h i p   t o  

t he   t r a n s m i t t e r   s i g n a l   in  r e s p o n s e   to  the   s t a r t i n g   l o g i c  

s t a t e s   of  bo th   f l i p - f l o p s   as  c o n t r o l l e d   from  t h e i r   p r e s e t   a n d  

c l e a r   i n p u t s ,   s a i d   f i r s t   f l i p - f l o p   o u t p u t   c o m p r i s i n g   t h e  

f i r s t   and  s e c o n d   p h a s e   r e f e r e n c e   s i g n a l s .  

31.  The  l o g g i n g   t o o l   of  any  one  of  c l a i m s   26  to  30 

c h a r a c t e r i z e d   in  t h a t   s a i d   w a v e f o r m   g e n e r a t o r   c o m p r i s e s :  



a  r e a d - o n l y - m e m o r y   r e s p o n s i v e   to  m e m o r y  
a d d r e s s   s i g n a l s   f o r   g e n e r a t i n g   d i g i t a l  

s i g n a l s   r e p r e s e n t a t i v e   of  m a g n i t u d e  

v a l u e s   of  the  t r a n s m i t t e r   s i g n a l ;  

an  a d d r e s s   c o u n t e r   f o r  g e n e r a t i n g   t h e  

r e a d - o n l y - m e m o r y   a d d r e s s   s i g n a l s ;   a n d  

a  d i g i t a l - t o - a n a l o g   c o n v e r t e r   r e s p o n s i v e  

to  the  d i g i t a l   s i g n a l s   from  s a i d   r e a d -  

o n l y - m e m o r y   for   g e n e r a t i n g   a  s t a i r - s t e p  

a p p r o x i m a t i o n   to  a  s i n u s o i d a l   w a v e f o r m .  

32.  The  l o g g i n g   t o o l   of  c l a i m   31  c h a r a c t e r i z e d   i n  

t h a t   s a i d   w a v e f o r m   g e n e r a t o r   f u r t h e r   c o m p r i s e s :  

a  f i l t e r   for   s m o o t h i n g   the   s t a i r - s t e p  

s i n u s o i d a l   w a v e f o r m   by  f i l t e r i n g   t h e  

h a r m o n i c s   t h e r e f o r m ;  

a  t r a n s m i t t e r   a m p l i f i e r   for   a m p l i f y i n g   t h e  

f i l t e r e d   s i n u s o i d a l   w a v e f o r m   to  p r o d u c e   t h e  

s i n u s o i d a l   t r a n s m i t t e r   s i g n a l   a p p l i e d   to  t h e  

t r a n s m i t t e r   c o i l ,   and  w h e r e  

the  d i g i t a l   s i g n a l s   s t o r e d   in  s a i d   r e a d - o n l y -  

memory  i n c l u d e s   c l o c k   g e n e r a t i n g   d a t a   f o r  

g e n e r a t i n g   the  r e f e r e n c e   c l o c k   s i g n a l   to  s a i d  

a u t o p h a s e   u n i t .  

33.  The  l o g g i n g   t o o l   of  c l a i m   32  c h a r a c t e r i z e d   i n  

t h a t   the   s t a t i c   p h a s e   e r r o r   c o r r e c t i o n   means  is  c h a r a c t e r i z e d  

by  means  for   s t o r i n g   the   d i g i t a l   s i g n a l s   to  g e n e r a t e   t h e  

v a r i o u s   v a l u e s   of  the  t r a n s m i t t e r   s i g n a l   r e l a t i v e   to  t h e  

s t o r e d   r e f e r e n c e   c l o c k   g e n e r a t i n g   d a t a   so  t h a t   the   p h a s e  

r e f e r e n c e   s i g n a l   is  p h a s e   s h i f t e d   r e l a t i v e   to  the  r e s u l t i n g  



s i n u s o i d a l   t r a n s m i t t e r   s i g n a l   by  an  amoun t   w h i c h   c o m p e n s a t e s  
for   f i r s t   o r d e r   p h a s e   s h i f t   e r r o r s   i n t r o d u c e d   by  c i r c u i t s  

i n v o l v e d   in  t he   g e n e r a t i o n   of  the   t r a n s m i t t e r   s i g n a l   and  t h e  

d e t e c t i o n   of  a  c o m p o n e n t   s i g n a l .  

34.  The  l o g g i n g   t o o l   of  a n y  o n e   of  c l a i m s   26  to  33 

c h a r a c t e r i z e d   in  t h a t   s a i d   s i g n a l   means  g e n e r a t e s   in  r e s p o n s e  
to  t he   t r a n s m i t t e r   s i g n a l   a  p l u r a l i t y   of  t e s t   c a l i b r a t i o n  

s i g n a l s   of  d i f f e r e n t   a m p l i t u d e s   w h i c h   v a r y   o v e r   t he   r a n g e   o f  

e x p e c t e d   f o r m a t i o n   r e s p o n s e   s i g n a l s ,   the   c a l i b r a t i o n   s i g n a l s  

h a v i n g   p r e d e t e r m i n e d ,   p r e c i s e   r a t i o s   t h e r e b e t w e e n ,   and  w h e r e  

the   a m p l i t u d e   of  each   v a r i e s   p r o p o r t i o n a l l y   t h e   same  i n  

r e s p o n s e   to  t e m p e r a t u r e   c h a n g e s ,   and  w h e r e i n   s a i d   a p p l y i n g  

means  is  c o u p l e d   to  s a i d   s i g n a l   means  for   a p p l y i n g   one  of  t h e  

p l u r a l i t y   of  t e s t   c a l i b r a t i o n   s i g n a l s   to  s a i d   p h a s e   s e n s i n g  

means  in  p l a c e   of  the   r e c e i v i n g   s i g n a l .  

35.  The  l o g g i n g   t o o l   of  c l a i m   34,  c h a r a c t e r i z e d   i n  

t h a t   s a i d   s i g n a l   means  i n c l u d e s   a  s u r f a c e   l o c a t e d   c e n t r a l  

p r o c e s s i n g   u n i t   (CPU)  c o u p l e d   to  s a i d   t o o l   to  p r o d u c e   a 

s i g n a l   r e p r e s e n t a t i v e   of  a  c h a r a c t e r i s t i c   d a t a   of  t h e  

s u b - s u r f a c e   f o r m a t i o n s   f rom  the   m e a s u r e d   q u a d r a t u r e   c o m p o n e n t  

s i g n a l s ,   s a i d   CPU  i n c l u d i n g   means  for   p e r i o d i c a l l y   o b t a i n i n g  

a  r e c o m p u t e d   l i n e a r i z a t i o n   f u n c t i o n   for   the  t o o l   f rom  t h e  

r e s p o n s e   s i g n a l s   to  the   t e s t   c a l i b r a t i o n   s i g n a l s   by  f i t t i n g   a  

p r e d e t e r m i n e d   l i n e a r i z a t i o n   f u n c t i o n   to  t h e s e   r e s p o n s e  

s i g n a l s .  

36.  A  d i g i t a l   i n d u c t i o n   r e s i s t i v i t y   l o g g i n g   m e t h o d  

for  m e a s u r i n g   p h a s e   q u a d r a t u r e   c o m p o n e n t s   (R,  X)  in  a 

r e c e i v e r   s i g n a l   i n d i c a t i v e   of  the   r e s i s t i v i t y   of  t h e  

s u b s u r f a c e   f o r m a t i o n s ,   s a i d   me thod   u t i l i z i n g   a  t o o l   i n c l u d i n g  

a  t r a n s m i t t e r   c o i l   r e s p o n s i v e   to  a  t r a n s m i t t e r   s i g n a l   f o r  

i n d u c i n g   a  m a g n e t i c   f i e l d   i n t o   the  f o r m a t i o n ,   and  a  r e c e i v e r  

c o i l   for   g e n e r a t i n g   a  r e c e i v e r   s i g n a l   i n d u c e d   b y  



c u r r e n t s   f l o w i n g   in  the   f o r m a t i o n   as  a  r e s u l t   of  the  m a g n e t i c  

f i e l d ,   s a i d   m e t h o d   c h a r a c t e r i z e d   by  the   s t e p s   o f :  

g e n e r a t i n g   a  s i n u s o i d a l   t r a n s m i t t e r   s i g n a l   t o  

the   t r a n s m i t t e r   c o i l ,   and  g e n e r a t i n g   a  r e f e r e n c e  

c l o c k   s i g n a l ;  

r e s p o n s i v e   to  the  r e f e r e n c e   c l o c k   s i g n a l ,  

g e n e r a t i n g   f i r s t   and  s e c o n d   p h a s e   r e f e r e n c e  

s i g n a l s   h a v i n g   i d e n t i c a l   f r e q u e n c i e s ,   a n d  

where   the   f i r s t   and  s e c o n d   p h a s e   r e f e r e n c e  

s i g n a l s   r e s p e c t i v e l y   have   f i r s t   and  s e c o n d  

p h a s e   r e l a t i o n s h i p s   o r t h o g o n a l   one  to  a n o t h e r ,  

c o r r e c t i n g   s t a t i c   and  d y n a m i c   p h a s e   e r r o r s ;  

g e n e r a t i n g   w i t h   a  s i n g l e   p h a s e   d e t e c t o r   t h e  

p h a s e   q u a d r a t u r e   c o m p o n e n t   s i g n a l s   of  t h e  

r e c e i v e r   s i g n a l   where   s u c c e s s i v e   d e t e c t e d  

c o m p o n e n t   s i g n a l s   a r e ,   f i r s t ,   t h a t   c o m p o n e n t  

s i g n a l   i n - p h a s e   w i t h   the   f i r s t   p h a s e  
r e f e r e n c e   s i g n a l   and ,   s e c o n d ,   t h a t   c o m p o n e n t  

s i g n a l   i n - p h a s e   w i t h   the  s e c o n d   p h a s e  

r e f e r e n c e   s i g n a l ;   a n d  

a u t o m a t i c a l l y   l i n e a r i z i n g   the  o v e r a l l   t r a n s f e r  

f u n c t i o n   for   the  t o o l   d u r i n g   n o r m a l   l o g g i n g  

o p e r a t i o n s   c o m p r i s i n g   the  s t e p s   of  d e t e r m i n i n g   a 

l i n e a r i z a t i o n   c o r r e c t i o n   f u n c t i o n   b a s e d   on  t e s t  

c a l i b r a t i o n   s i g n a l s   t a k e n   p e r i o d i c a l l y ,   a n d  

a p p l y i n g   s a i d   f u n c t i o n   to  s u b s e q u e n t l y   o b t a i n e d  

s i g n a l s   from  the  r e c e i v e r   c o i l .  
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